BEST AVAILABLE COPY remarks 

Claims 1-ZO are currently pending in the application. By this amendment, claims 1-7 and 
9-15 have been amended and new claims 17-20 have been added for the Examiner's 
consideration. The foregoing separate sheets marked as "Listing of Claims" shows all the claims 
in the application, with an indication of the current status of each. 
Claim Rejections: 35 USC § 112 
Second Paragraph Rejections 

Claims 1-7, 11,12, 14 and 15 stand rejected under 35 USC § 112, second paragraph, as 

being indefinite. 

Examiner has pointed out that claims 2-6, 12, and 15 do not end in a period. AppUcant 
has hereby amended claims 2-6, 12 and 15 to include a period. AppUcant submits that this 
amendment does not introduce new matter, being entirely formal in nature. Applicant 
respectfully requests entry of this amendment, and withdrawal of this portion of the rejection. 

Examiner states that claims 1, 7, 1 1 and 14 define "X" as a "saturated or unsaturated CI 
to C12 carbon chain", but that it is not possible for a CI to be unsaturated. Claims 1, 7, 1 1 and 14 
have hereby been amended to recite that X is CHj or a saturated or unsaturated C2 carbon chain. 
Applicant submits that this amendment adds no new matter, being undertaken simply to correct a 
error in chemical nomenclature. Applicant therefore respectfiiUy requests entry of this 
amendment, and withdrawal of this portion of the rejection. 

Examiner has requested removal of the word "generic" fmm claims 11 and 14. Claims 1 1 
and 14 have hereby been amended by the removal of this word. Applicant submits that removal 
of this single word does not add any new matter, and respectfully requests entry of the 
amendment and withdrawal of this portion of the rejection. 
First Paragrapli Rejection 

Claims 7-16 stand rejected under 35 USC 1 12, second paragraph, as not enabled by the 
specification. The Examiner states that the specification of the application is enabling for the 
treatment of vomiting, nausea, and appetite loss, but not for the treatment of conditions or 
disorders related to cannabinoid-regulated systems in general. Examiner has provided a reference 
(Mechoulam et al.) that teaches that the regulation of cannabinoid systems is useful for the 
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treatment of vomiting, nausea, and appetite loss. Claim 7 has hereby been amended to recite the 
specific conditions of vomiting, nausea, and appetite loss as some of those that may be treated by 
the methods of the invention. 

Applicants fiuiher submit that other conditions exist which were disclosed in the instant 
specification (e.g. on page 12 at lines 8-17 and on page 14 lines 7-24) and are generally known to 
be amenable to treatment with cannabinoids. In support of this, AppUcant herewith encloses the 
following references: 

1) CBl antagonists to treat craving for addictive drugs : Le Foil and Goldberg, 2005, Journal of 

Pharmacology and Experimental Therapeutics, 312: 875-883; 

2) CBl antagonists as a ppetite suppressants for the treatment of obesity : Van Gaal et al. 2005, 
The Lancet, 365:13891397; Le Fur et al.. International Cannabinoid Research Society, June 28- 
30, 2001, SR141716; and Kirkham and Williams, 2001, Nutrition Research Reviews 14: 65-86 
show the use of; 

3) CBl receptor antagonists to enhance cognition : United States patent 5,596,106 to CuUinan et 
al., (Jan. 21, 1997) shows the use of(see column 2, lines 35-53 and column 24, lines 10-18); 

4) CBl agonists as analgesics to alleviate pain : United States patent 6,348,498 to Calignano et 
al., (Feb. 19, 2002) (see column 1, lines 65-67 and column 2, Unes 1-3, which also refers to 
appetite control); United States patent 6,949,582 to Wallace (Sept. 27, 2005) also shows that 
cannabinoids are known analgesics (see column 4, lines 1 1-16); 

5) Treatment of multiple sclerosis : United States patent 6,900,236 to Makriyannis et al. (May 31, 
2005) (see column 13, Unes 42-55, which also describes the treatment of pain and other 
conditions); and Pertwee 2002 Pharmacology & Therapeutics 95: 165-174 fiuther demonstrates 
the link between cannabinoids and the treatment of multiple sclerosis; 

6) Treatment of eoileosv : Wallace et al., 2001 European Journal of Pharmacology 428: 51-57; 
Wallace et al., 2003 Journal of Pharmacology and Experimental Therapeutics 307:129-137; and 
a commentary by Robyn Wallace in Current Literature (pages 93-95) all document the 
relationship between cannabinoids and control of epileptic seizures or convulsions. 



7) United States patent 6,645,985 to Barth et al. (Nov. 11, 2003) confirms that several known 
uses for cannabinoid compounds which bind to CBl receptors, e.g. craving for addictive drugs, 
memory and cognitive disorders, etc. (see colunrn 8, line 32-67 and column 9, line 1-7). 

Applicant submits that one of skill in the art would recognize that the cannabinoid 
agonists and silent antagonists of the present invention, which bind to CBl receptors with 
physiological relevant affinities, would be useful for the treatment of such conditions. Therefore, 
Applicant submits that in addition to being enabled for the treatment of vomiting, nausea, and 
appetite loss, the claimed subject matter is also enabled for the treatment of such conditions or 
disorders. 

hi addition, claim 7 has now been amended to recite the conditions which can be treated 
by the compounds of the invention arranged according to which condi tions mav be treated by 
agonists, and which can be treated bv xilent antagonists . Support for this arrangement is found in 
the specification as filed. For example, uses of agonists (e.g. as analgesics, appetite stimulants, 
anticonvulsants, to treat multiple sclerosis, to treat nausea and vomiting, to treat epilepsy) are 
described in the paragraph beginning at line 8 on page 12 and line 7 of page 14, and conditions to 
be treated by silent antagonists (cognitive enhancers, appetite suppressants, to treat alcohol, 
tobacco, cocaine and marijuana dependence) are described in the following paragraph (lines 14- 
17 on page 12 and lines 15-23 on page 14). 

Claim 8 has been cancelled, its subject matter having been incorporated into claim 7. 
While reviewing the claims and application an error in claims 10 and 13 was noted. 
Those claims previously recited the treatment of pain and nausea, respectively, by a "silent 
antagonist". As can be seen m the description on pages 12 and 14 referred to above, CBl 
agonists (not silent antagonists) would be used to treat those conditions. Claims 10 and 13 and 
their respective dependent claims have tiius hereby been amended to recite the treatment of pain 
and nausea, respectively, by an agonist of the present invention, and in claims 12 and 15, the 
chemical representation of the silent antagonist O-2050 has been deleted (note brackets) and 
replaced by the agonists 0-2113 and O-2048. Further, the formulas of claims 1 1 and 14 have 
been amended to include the proviso that if R is CHj, then X must be CH2 or a saturated C2 
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carbon chain. If R is CHj and X is unsaturated, the resulting structure is a silent antagonist (e.g. 
see structure of O-2050 at the top of page 10). The specification clearly states that X may be 
either saturated or unsaturated (see, for example, page 8, line 17). By definition, an "agonist" 
thus requires elimination of X as unsaturated when R = CHj. 

The Examiner also inquires regarding what is meant by the term "silent antagonist that is 
a sulfonamide moiety". Firstly, AppUcant notes that Examiner has not quoted the phrase 
correctly. The precise claim language is "silent antagonist that includes a sulfonamide moiety" 
(i.e. "includes", not "is"). Claims 9, 10, 13 and 16 recite: the compound (claim 9); its use in 
treating pain (claim 10); its use in treating nausea (claim 13); and its use to block the effects of a 
CBl cannabinoid receptor agonist (claim 16). The first portion of the phrase, "silent antagonist", 
is clearly defined in the specification. A brief discussion is presented on page 1 at lines 15-22, 
and a detailed discussion of agonists, antagonists and silent antagonists is presented beginning on 
page 11 at line 6 and continuing on page 12 at lines 1-7. Silent antagonists are antagonists that 
bind to a receptor, thereby preventing an endogenous ligand firom binding, but which doLflOt 
produce any inverse agonist properties, i.e. they do not activate the receptor or produce an 
observable effect upon binding, other than to block access to the receptor so that other Hgands 
cannot bind. Thus, their effect is "silent". This is an advantage, since the side effects of some 
antagonists are not desirable, e.g. they may activate the receptor in a manner opposite to that of 
an endogenous Ugand (page 12, lines 3-7). Data presented in Examples 4 and 6 of the application 
demonstrate that the compounds of the invention do not act as a typical inverse agonists, but 
rather as "silent antagonists". In a GTPyS binding assay described in Example 4, the compound 
O-2050 failed to increase GTPyS, although it was able to compete with a highly efficient known 
cannabinoid for binding to the CBl receptor. Likewise, in the mouse vas deferens system of 
Example 6, 0-2050 exhibited the ability to bind to CBl but did not produce negative stimulation, 
consistent with a lack of inverse agonist properties. O-2050 thus fiilfils the criteria for bemg a 
"silent antagonist". 

Applicant submits that the second portion of the phrase, "mcludes a sulfonamide moiety", 
would be readily understood by one of skill in the art. Applicant herewith supplies two articles 
referenced in the application (page 20, lines 15-17, Matassa et al., and Jacobs et al.) which 
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describe the incorporation of sulfonamide moieties into antagonists of peptidoleukotrienes. These 
articles were referred to by Examiner as not having been supplied. These articles are evidence of 
the state of the art at the time of filing of the present application. AppUcant submits that, based 
on the explanations and data presented in the specification and the knowledge extant at the time 
the application was filed, one of skill in the art would fully understand the meaning of the phrase 
"silent antagonist that includes a sulfonamide moiety". Thus, claims 9, 10, 13 and 16 are fully 
enabled. 

Since independent claims 9, 10, 13 and 16 are fully enabled. Applicant further submits 
that dependent claims 11 and 12 (dependent on claim 10) and 14 and 15 (dependent on claim 13) 
are also fully enabled. The chemical structures claimed for use in ttie dependent claims are fully 
described in the specification. 

In view of the foregoing. Applicant respectfully requests reconsideration and withdrawal 
of this rejection. 
New Claims 

New claims 17-18 recite the treatment of obesity by use of a silent antagonist of a CBl 
receptor. This use of the silent antagonists of the invention is described in the specification, for 
example, on page 14 at linelS. The particular silent antagonist recited in new claim 18 is O-2050, 
the activity of which is described in the specification on page 22 in Table 2 and at lines 6-7, and 
in Examples 3-6. Thus, Applicant submits that these new claims are fully enabled by the 
specification. In addition, as described above, Applicant has herewith submitted two articles that 
indicate that CBl antagonists are useful for the treatment of obesity. 

New claims 19-20 recite the treatment of craving for drugs by use of a silent antagonist of 
a CBl receptor. This use of the silent antagonists of the invention is described in the 
specification, for example, on page 12 at lines 15-16 and page 14, lines 18-19. Again, the 
particular silent antagonist recited in new claim 20 is O-2050, the activity of which is described 
in the specification on page 22 in Table 2 and at lines 6-7, and in Examples 3-6. Thus, Applicant 
submits that these new claims are fully enabled by the specification. In addition, as described 
above, Applicant has herewith submitted several articles that indicate that CBl antagonists are 
useful for the treatment of drug craving. 



Applicant respectfully requests examination and allowance of new claims 17-20. 
Conclusion 

In view of the foregoing, it is requested that the application be reconsidered, that claims 
1-7 and 9-20 be allowed, and that the application be passed to issue. 

Should the Examiner find the appHcation to be other than in condition for allowance, the 
Examiner is requested to contact the undersigned at 703-787-9400 (fax: 703-787-7557; email: 
ruth@wcc-ip.com) to discuss any other changes deemed necessary in a telephonic or personal 
interview. 

If an extension of time is required for this response to be considered as being timely filed, 
a conditional petition is hereby made for such extension of time. Please charge any deficiencies 
in fees and credit any overpayment of fees to Attomeys Deposit Account No. 50-2041. 



Respectfully submitted, 
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ABSTRACT 

This review examines the development of cannabinoid CB^ 
receptor antagonists as a new class of therapeutic agents for 
drug addiction. Abused drugs [alcohol, opiates, AMetrahydro- 
cannabinol (A®-THC), and psychostimulants, including nicotine] 
elicit a variety of chronically relapsing disorders by interacting 
with endogenous neural pathways in the brain. In particular, 
they share the common property of activating mesolimbic do- 
pamine brain reward systems, and virtually all abused dnjgs 
elevate dopamine levels in the nucleus accumbens. Cannabi- 
noid CBi receptors are expressed in this brain reward circuit 
and modulate the dopamine-releasing effects of A®-THC and 
nicotine. Rimonabant (SRI 41 71 6), a CB^ receptor antagonist, 
blocks both the dopamine-releasing and discriminative and 
rewarding effects of A^-THC in animals. Blockade of CB, re- 
ceptor activity by genetic invalidation also decreases rewarding 



effects of opiates and alcohol in animals. Although CB^ recep- 
tor blockade Is generally ineffective in reducing the self-admin- 
istration of cocaine in rodents and primates, it reduces the 
reinstatement of extinguished cocaine-seeking behavior pro- 
duced by cocaine-associated conditioned stimuli and cocaine- 
priming Injections. Likewise, CB^ receptor blockade is effective 
in reducing nicotine-seeking behavior induced by re-exposure 
to nicotine-associated stimuli. Some of these findings have 
been recently validated in humans. In clinical trials, Rimonabant 
blocks the subjective effects of A^-THC in humans and pre- 
vents relapse to smoking in exsmokers. Findings from both 
clinical and preclinical studies suggest that ligands blocking 
CBi receptors offer a novel approach for patients suffering from 
drug dependence that may be efficacious across different 
classes of abused drugs. 



CB^ Receptors Modulate the Brain 
Reward Pathway 

Drug dependence is a chronic, relapsing disorder in which 
compulsive drug-seeking and -taking behavior persists de- 
spite serious negative consequences (American Psychiatric 
Association, 2000). Addictive substances, such as cannabi- 
noids, opioids, ethanol, and psychostimulants, including nic- 
otine, induce pleasant states or relieve distress, effects that 
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contribute to their recreational use. After repeated exposure, 
adaptive changes occur in the central nervous system that 
lead to drug dependence (American Psychiatric Association, 
2000). Although addictive drugs produce their effects 
through actions at various receptors in the brain, it is 
thought that their common effects on the activity of dopami- 
nergic brain reward pathways is primarily responsible for . 
their addictive properties (Koob, 1992a,b; Wise, 2004). Nota- 
bly, the mesocorticolimbic system, which projects from the 
ventral tegmental area to the nucleus accumbens, cortical 
areas, and amygdala, is implicated in the rewarding effects of 
psychostimulants and other drugs of abuse, as well as the 
effects of nondrug natural rewards such as food (Wise, 1982). 
The involvement of dopamine in the rewarding effects of 
drugs of abuse is suggested by findings that most drugs 
abused by humans increase levels of dopamine in the nucleus 



ABBREVIATIONS: A^-THC, ^^-tetrahydrocannabinol; SR141716, Rimonabant; CPP, conditioned place preference{s); FR, fixed ratio; HU-210, 
(6aR)-frans-3-(1 .1 -dimethylheptyl)-6a,7,1 0.1 Oa-tetrahydro-1 -hydroxy-6,6-dimethyl-6H-dibenzolb,d]pyran-9-methanol; AM-251 , A/-(piperidin-1 - 
yl)-5-(4-iodophenyl)'1-(2.4-dichlorophenyl)-4-methyl'1H-pyrazole-3-cart)oxamide. 
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accumbens (Imperato et al,, 1986; Pidoplichko et al., 1997) 
and that blockade of dopamine transmission reduces the 
rewarding effects of psychostimulants (Koob, 1992a,b); how- 
ever, the role of dopamine seems more complex than simply 
mediating the primary reinforcing effects of drugs of abuse 
(Ssdamone et al., 2003; Wise, 2004). Recent evidence suggests 
that dopamine is strongly implicated in learning and condi- 
tioning processes (Schultz et al., 1997; Schultz, 2002) and in 
drug-seeking behavior (Phillips et al., 2003). 

Marijuana is the most widely used illicit drug in the United 
States. The main psychoactive ingredient in marijuana is 
A®-tetrahydrocannabinol (A®-THC). Two forms of cannabi- 
noid receptors, CBi and CBg, have been cloned (Matsuda et 
al., 1990; Gerard et al., 1991; Munro et al., 1993). The CBi 
receptor and its splice variant, the CBi^ receptor, are pre- 
dominantly found in the brain, with the highest density in 
the hippocampus, cerebellum, cortex, and striatum, whereas 
CB2 receptors are located peripherally, principally associated 
with the immune system (Howlett et al., 2002). New data 
suggest the existence of an additional cannabinoid receptor 
(non-CBi/non-CBg) (see Wilson and Nicoll, 2002). A®-THC 
may produce its effects by duplicating the effects of natural 
ligands for CBj receptors (anandamide, 2-arachidonylglyc- 
erol, and, perhaps, noladin ether), which have a shorter du- 
ration of action than synthetic or plant-derived cannabinoids 
and are implicated in various nervous system functions such 
as reward, memory, cognition, and pain perception (Wilson 
and Nicoll, 2002). Central nervous system effects produced 
by A^-THC have been linked to the cannabinoid CBj receptor. 
As with other drugs of abuse, A^-THC also produces an ele- 
vation in dopamine levels in the nucleus accumbens of rats 
(Chen et al., 1990) that is blocked by SR141716, a cannabi- 
noid CBi receptor antagonist (Tanda and Di Chiara, 1997). 

The potential utility of cannabinoid CB^ receptor antago- 
nists for the treatment of drug dependence has recently re- 
ceived considerable attention. This approach has been tested 
for A^-THC and other types of drugs of abuse. This review 
focuses on the development of cannabinoid CB^ receptor an- 
tagonists for the treatment of drug dependence. We will first 
summarize the main animal models used to assess subjective 
and rewarding^reinforcing effects of drugs of abuse and then 
summarize in Table 1 the preclinical and clinical findings 
related to CBj receptor blockade and the subjective and re- 
warding/reinforcing effects of different drugs of abuse in 
these models. The results obtained with various drugs of 
abuse will be presented by drug class. The putative neurobi- 
ological mechanisms underlying these effects will also be 
discussed. Although some drugs of abuse, such as ecstasy, 
are sometimes used together with marijuana (Croft et al., 
2001), the involvement of cannabinoid mechanisms in the 
effects of these drugs has seldom been studied (Braida and 
Sala, 2002), and these limited findings will not be reviewed 
here. 

Animal Models for Studying Effects of Drugs 
of Abuse 

A variety of animal models are available to study the 
cardinal features of drug dependence (Schuster and Woods, 
1968; Goldberg, 1975; Goldberg et al., 1975, 1979, 1981; 
Spealman and Goldberg, 1978; Katz and Goldberg, 1988; 
Markou et al., 1993; Everitt and Robbins, 2000; Schindler et 



al., 2002; Deroche-Gamonet et al., 2004; Vanderschuren 
and Everitt, 2004). The effects of CB^ blockade have been 
evaluated using animals models for the subjective effects 
of drugs (drug discrimination), their rewarding/reinforcing 
properties [intravenous drug self-administration, conditioned 
place preference (CPP), and intracranial self-stimulation proce- 
dures], the influence of environmental factors on drug-seeking 
behavior (CPP, second-order schedules of drug self-administra- 
tion, reinstatement of extinguished drug-seeking behavior, and 
other relapse models), and the withdrawal states associated 
with the abrupt termination of drug action (administration of 
selective antagonists after chronic exposure). We will mainly 
review results obtained with the drug discrimination proce- 
dure and the two most widely used procedures assessing 
rewarding or reinforcing effects of drugs in experimental 
animals: intravenous drug self-administration and drug- 
induced CPP procedures. 

Drug Discrimination 

Humans that abuse psychoactive drugs report character- 
istic subjective effects, and drug discrimination procedures in 
rats and monkeys are extensively used as animal models for 
subjective reports of drug effects in humans. The organism's 
ability to perceive and identify the characteristic interocep- 
tive effects of drugs is thought to play a role in drug seeking, 
encouraging the development of this behavior and directing 
it toward one substance rather than another on the basis of 
relative potencies and effects (Stolerman and Shoaib, 1991). 
These interoceptive subjective effects of drugs are most fre- 
quently assessed in humans through the use of performance- 
assessment tasks and subject-rating scales. In animals, the 
interoceptive effects of drugs can serve as discriminative 
stimuli to indicate how to obtain a reinforcer such as a food 
pellet or how to avoid an electric shock. For this purpose, 
animals are trained under a discrete trial schedule of food 
pellet delivery or stimulus-shock termination to respond on 
one lever after an injection of a training dose of a drug and on 
the other lever after an injection of vehicle. Once animals 
learn to reliably make this discrimination, the subjective 
effects of different drugs can be compared, and the. modula- 
tion of subjective effects of drugs of abuse by various phar- 
macological ligands can be measured. 

Intravenous Drug Self-Administration 

Natural rewards, such as water or food, and drugs of abuse 
may serve as positive reinforcers. For example, to assess the 
reinforcing effects of food, a food-deprived animal can be 
placed in a sound-attenuating chamber containing stimulus 
lights, response levers, and a device for dispensing food pel- 
lets automatically. Lever-pressing responses will occur with 
increasing frequency when they result in delivery of the food 
pellets, which, therefore, serve as positive reinforcers under 
these conditions. With intravenous drug self-administration 
procedures, a catheter implanted in a jugular vein allows the 
animal to intravenously self-administer a small amount of 
drug by pressing a lever. The administration of drug consti- 
tutes the event that positively reinforces the lever-pressing 
behavior, and reward is inferred if the frequency of respond- 
ing subsequently increases (thus defining reinforcement). 
With these behavioral procedures, a stimulus hght is often 
associated with delivery of the reinforcer. This stimulus, or 
cue, progressively gains motivational value by Pavlovian con- 
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TABLE 1 

Main effect of CB^ blockade on the subjective, discriminative, and rewardingAreinforcing effects of drugs of abuse in animal and human subjects 



Model 



Results 



Reference 



A»-THC 
Squirrel monkeys 



i.v. self-administration under an FRIO 





schedule 


Rats and 


Drug discrimination 


monkeys 




Humans 


Reports of subjective drug eflects 


Cocaine 




Squirrel monkeys 


i.v. self-administration under an FRIO 




schedule 


Rats 


Cocaine self-administration at a low 




ratio requirement (FR5) 


Rats 


Relapse to drug-seeking behavior 


Mice 


Cocaine self-administration 


Mice 


Cocaine-induced CPP 


Rats 


Cocaine-induced CPP 


Opiates 




Rats 


Heroin self-administration at high ratio 




requirements (FRIO and progressive 




ratio schedules) 


, Rats 


Heroin self-administration at 




low ratio requirements (FRl-5) 


Rats 


Morphine-induced CPP 


Mice 


Morphine self-administration at a low 




ratio requirement (FRl) 


Mice 


Morphine-induced CPP 


Alcohol 




Rats and mice 


Oral ethanol intake and ethanol 




preference 


Mice 


Oral ethanol intake 


Mice 


Acquisition of ethanol-induced CPP 


Nicotine 




Humans 


Smoking cessation trial 


Rats 


Self-administration of i.v. nicotine at a 




low ratio requirement (FR4) 


Rats 


Expression of CPP (stimulus-controlled 




behavior) 


Rats 


Nicotine discrimination 


Mice 


Nicotine-induced CPP 


Mice 


Self-administration of i.v. nicotine at a 



SR141716 decreased self-administration 
SR141716 blocked discrimination of A^-THC 
SR141716 blocked subjective effects of A^-THC 
No effect of SR141716 
Noeflect ofSR141716 

SR141716 prevented relapse induced by cues and 

drug priming 
No effect of CBj receptor invalidation 
No effect of CB^ receptor invalidation 
SR141716 blocked acquisition, but not expression, of 

CPP • ' . . 

SR141716 decreased self-administration 
No effect ofSRl41716 



Tanda et al. (2000) 

Wiley et al. (1995); Jarbe et al. 

(2001); Solinas et al. (2003) 
Huestis et al. (2001) 

Tanda et al. (2000) 

De Vries et al. (2001) 

De Vries et al. (2001) 

Cossu et al. (2001) 
Martin et al. (2000) 
Chaperon et al. (1998) 



De Vries et al. (2003); Solinas et al. 
(2003) 

De Vries et al. (2003); Solinas et al. 

(2003) 
Chaperon et al. (1998) 
Cossu et al. (2001) 



SR141716 blocked acquisition of CPP 
CBi receptor invalidation blocked opiate self- 
administration 

CBx receptor invalidation blocked acquisition of CPP Martin et al. (2000) 



low ratio requirement (FRl) 



SR141716 decreased oral ethanol intake 



CBi receptor invalidation decreased ethanol intake 

and the effects of SR141716 
CBi receptor invalidation reduced ethanol CPP 

SR141716 increased smoking cessation rates 
SR141716 decreased self administration 

SR141716 blocked preferences for nicotine-paired 

environment 
No effect of SR141716 

No CPP for nicotine in CBi-deficient mice 
No effect of CB^ receptor invalidation 



Amone et al. (1997); Colombo et al. 

(1998) ; Rodriguez de Fonseca et al. 

(1999) ; Rinaldi-Carmona et al. 
(2004) 

Hungund et al. (2003); Poncelet et al. 

(2003); Naassila et al. (2004) 
Houchi et al. (2004) 

Anthenelli and Despres (2004) 
Cohen et al. (2002) 

Le Foil and Goldberg (2004a) 

Cohen et al. (2002); Le Foil and 

Goldberg (2004a) 
Castane et al. (2002) 
Cossu et al. (2001) 



ditioning and can induce and maintain drug-seeking behav- 
ior and also reinstate drug-seeking behavior after extinction 
(Goldberg, 1975; Goldberg et al., 1975, 1983; de Wit and 
Stewart, 1981; Stewart, 1983; Self and Nestler, 1988; Meil 
and See, 1996; Arroyo et al., 1999), providing useful mea- 
sures of the motivational effects of drug-related stimuli. Var- 
ious schedules of reinforcement of drug self-administration 
behavior have been developed. 

Under a fixed ratio (FR) schedule of intravenous drug injec- 
tion, a fixed number of lever presses is necessary to obtain each 
injection of drug (e.g., one lever press for a fixed ratio 1, i.e., 
FRl, schedule). In contrast, under a progressive ratio schedule, 
the number of lever-press responses necessary to obtain a drug 
injection increases after each drug injection (Hodos, 1961). 
Thus, the number of responses the subject must make for each 
successive drug injection (the ratio value) is increased progres- 
sively until the subject fails to emit the required number of 
responses; this highest ratio (the "breaking point") is thought to 
reflect the reinforcing effectiveness of the drug. Self-adminis- 
tration studies have repeatedly shown that most drugs consid- 
ered to be addictive in humans can serve as positive reinforcers 
for laboratory rats and monkeys, whereas nonaddictive drugs 



have given negative results in most cases (Katz and Goldberg, 
1988; Balster, 1992). Once an animal has been trained to 
self-administer the drug, the influences of drug priming, 
stressors, or presentation of drug-associated cues on drug 
self-administration behavior or relapse to extinguished 
drug-seeking behavior provide useful measures for study- 
ing drug taking or relapse (Shalev et al., 2002). 

Drug-Induced Conditioned Place Preferences 

Another experimental animal model for exploring the re- 
warding effects of drugs of abuse is the CPP procedure. A 
distinctive environment (e.g., one compartment of a two- or 
three-compartment apparatus) is psdred repeatedly with the 
administration of a drug, and a different environment is 
repeatedly associated with the administration of vehicle. 
CPP occurs when repeated administration of a drug in this 
particular environment results in the ability of that environ- 
ment to elicit approach behavior and increased time contact 
(place preference) in the absence of the previously adminis- 
tered drug. It has been argued that CPP, like drug self- 
administration and a number of related phenomena, is an 
example of dopamine-mediated incentive learning and that 
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the approach behavior and increased time spent by animals 
in a drug-paired environment can be considered a meeisure of 
drug-seeking behavior (Bardo and Bevins, 2000; Le Foil and 
Goldberg, 2004a). CPP have been demonstrated for most 
drugs of abuse, as well as natural rewards such as food. The 
acquisition of a drug-induced CPP is likely to reflect the 
rewarding properties of a drug of abuse, whereas its expres- 
sion reflects the influence on behavior of environmental stim- 
uli, previously associated with a drug's effects. 

Effects of CBi Blockade on Effects of Drugs 
of Abuse 

A^-Tetrahydrocannabinol 

Since the development of a rodent model of A^-THC self- 
administration has so far been unsuccessful (Tanda and 
Goldberg, 2003),- the drug discrimination model has been 
widely used to study cannabinoid effects in animals. Animals 
can learn to reliably discriminate A^-THC from vehicle, and 
the cannabinoid CBj antagonist SR141716 produces revers- 
ible, dose-dependent antagonism of the discriminative stim- 
ulus effects of A^-THC in rats (Wiley et al., 1995; Jarbe et al., 
2001; Solinas et aL, 2003) and monkeys (Wiley et al., 1995). 
When SR141716 was administered alone, it did not substi- 
tute for A^-THC in rats (Wiley et al., 1995). Moreover, in 
humans, SR14.1716 (Rimonabant) was also able to block sub- 
jective effects induced by A^-THC (Huestis et al., 2001). This 
selective cannabinoid antagonist also precipitated a with- 
drawal syndrome in cannabinoid-dependent animals (Tanda 
et al., 1999; Maldonado and Rodriguez de Fonseca, 2002). 
The precipitation of a physical withdrawal syndrome by 
SR141716 was associated with a reduction of dopamine lev- 
els in the shell of the nucleus accumbens in cannabinoid- 
dependent rats, but no such effects were found after the 
administration of SR141716 to saline-control rats (Tanda et 
al., 1999). Recently, a squirrel monkey model of A®-THC 
intravenous self-administration has been developed (Tanda 
et al., 2000; Justinova et al., 2003). SR141716 almost entirely 
blocked the self-administration of A^-THC in squirrel mon- 
keys under an FRIO schedule of reinforcement (Tanda et al., 
2000). These results suggest that blockade of cannabinoid 
CBi receptors may block both the subjective and rewarding 
effects of A®-THC in humans. 

Opiates 

Functional interactions between cannabinoid and opioid 
neurotransmitter systems that are implicated in drug rein- 
forcement/reward processes (Navarro et al., 2001; De Vries et 
al., 2003; Solinas et al., 2003) have been described previously 
(Manzanares et al., 1999). Notably, the discriminative (Soli- 
nas et al., 2004) and rewarding/reinforcing (Chen et al., 1990; 
Justinova et al., 2004) effects of A^-THC are reversed by 
treatment with the opioid receptor antagonists naloxone and 
naltrexone. Selective ^-opioid receptor invalidation in mice 
also reduced the rewarding effects of A®-THC, as assessed by 
the conditioned place preference procedure (Ghozland et al., 
2002). These effects seem specific to the rewarding/reinforc- 
ing effects of A^-THC, since naltrexone, an opiate antagonist, 
did not block the subjective effects of A^-THC administration 
in humans (Wachtel and de Wit, 2000; Haney et al., 2003). 
Conversely, several studies have evaluated cannabinoid system 
modulation of the reinforcing effects of opiates. SR141716 treat- 



ment prevented the development of morphine-induced CPP 
(Chaperon et al., 1998), and cannabinoid CB^ receptor knockout 
mice did not self-administer morphine (Cossu et al., 2001) or 
develop morphine-induced CPP (Martin et al., 2000). In agree- 
ment, blockade of cannabinoid CBj receptors by SR141716 
markedly reduced responding for intravenous heroin injections 
under an FR5 schedule of reinforcement and to a greater extent 
under a progressive ratio schedule of reinforcement in rats (De 
Vries et al., 2003; Solinas et al., 2003). The cannabinoid CBi 
receptor agonist HU-210 reinstated heroin-seeking behavior 
following a 2-week extinction period, whereas SR141716 dose- 
dependently attenuated heroin seeking produced by a priming 
injection of heroin or re-exposure to heroin-associated stimuli 
(De Vries et al., 2003). Although SR141716 markedly decreased 
responding for heroin by rats under a progressive ratio schedule 
across a wide range of heroin doses, it had little effect on 
responding for food under a similar progressive ratio schedule 
(Solinas et al., 2003). In contrast to effects imder the progressive 
ratio schedule, when responding was continuously reinforced 
under an FRl schedule, SR141716 only reduced responding for 
low 12.5- and 25-/jig/kg injection doses of heroin. The fact that 
heroin self-administration was affected in a different manner 
under these schedules is consistent with a behavioral economic 
analysis (Bickel et al,, 2000), where the price of drug is consid- 
ered to be the amount of effort (ratio size) required to obtain a 
fixed amount of drug. Thvis, the effects of SR141716 on drug 
self-administration were more pronounced imder a progressive 
ratio schedule of reinforcement (high price of drug), weaker 
under an FR5 schedule of self-administration (lower price of 
drug), and null under an FRl schedule of self-administration 
of heroin or cocaine injections (very low price of drug). The 
effectiveness of cannabinoid CBj receptor blockade seems to 
depend on the price of the drug, with self-administration at high 
drug prices being notably sensitive to disruption. It is interest- 
ing to note that SR141716 did not modify the dopamine-releas- 
ing effect of heroin in the nucleus accumbens (Tanda and Di 
Chiara, 1997; Caille and Parsons, 2003). 

Psychostimulants (Cocame-Amphetamine) 

Several experiments do not support, at first sight, an in- 
volvement of cannabinoid systems in the reinforcing effects of 
psychostimulants. CBj receptor-deficient mice learned to 
self-administer cocaine and amphetamine, as did their wild- 
type littermate controls (Cossu et al., 2001). Moreover, 
SR141716 administration did not interfere with cocaine self- 
administration in rats (De Vries et al., 2001) or monkeys 
(Tanda et al., 2000) trained under fixed ratio schedules of 
reinforcement (Fig. 1). This lack of effect of SR141716 did not 
reflect an insufficient dosage, since the doses of SR141716 
tested were able to dramatically reduce A®-THC self-admin- 
istration in monkeys (Tanda et al., 2000) (Fig. 1). In contrast, 
AM-251, another CBi receptor antagonist, decreased the fre- 
quency of methamphetamine self-administration under a 
fixed ratio schedule in rats (decreased drug intake), whereas 
anandamide and /2-methanandamide, two cannabinoid re- 
ceptor agonists, tended to increase the frequency of metham- 
phetamine self-administration (Vinklerova et al., 2002). 
SR141716 was also effective in blocking the acquisition, but 
not the expression, of cocaine-induced CPP (Chaperon et al., 
1998). However, CB^ receptor invalidation did not prevent 
the development of cocaine-induced CPP (Martin et al., 
2000). These studies suggest a weak modulatory role of en- 
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Fig. 1. SR141716 affects relapse in intravenous drug- 
self-administration studies. A, during repeated ses- 
sions, animals learned to press a lever to obtain intra- 
venous injections of drug, and a brief light stimulus 
was associated with each drug injection. Through Pav- 
lovian conditioning processes, this light stimulus pro- 
gressively gained motivational properties. B, presen- 
tations of the brief light stimulus subsequently 
maintained drug-seeking behavior, even without drug 
delivery. C, SR 14 17 16 administration decreased A^- 
THC self-administration, but not cocaine self-adminis- 
tration, in monkeys trained under an FRIO schedule of 
intravenous drug injection. Adapted from Tanda et al. 
(2000). D, SR141716 also did not affect cocaine self- 
administration in rats (data not shown), but it dose- 
dependently reduced relapse to cocaine-seeking behav- 
ior produced by cocaine-associated stimuli ("cues"). 
Adapted from De Vries et al. (2001). 
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docannabinoids on intake and, perhaps, on the rewarding/ 
reinforcing effects of psychostimulants. The influence of the 
cannabinoid system on relapse has been demonstrated more 
clearly (De Vries et al., 2001). SR141716 reduced relapse to 
cocaine-seeking behavior produced by cocaine-paired stimuli 
(cues) (De Vries et al., 2001) (Fig. 1), whereas HU-210, a CBi 
receptor agonist, precipitated relapse to cocaine-seeking be- 
havior (De Vries et al., 2001). Blockade of CBi receptors by 
SR141716 also was able to block relapse to cocaine-seeking 
behavior produced by a priming injection of cocaine but not 
by environmental stressors (De Vries et al., 2001). Likewise, 
SR141716 blocked the reinstatement of methamphetamine- 
seeking behavior in rats (Anggadiredja et al., 2004). Further 
experiments are needed to clarify the involvement of endog- 
enous cannabinoid systems in the rewarding/reinforcing ef- 
fects of psychostimulants. 

Ethanol 

Although the sites of actions for ethanoVs effects in the 
brain are poorly understood, ethanoFs reinforcing effects 
seem to involve dopamine pathways (Tabakoff and Hoffman, 
1996). Recent evidence suggests that some of the pharmaco- 
logical and behavioral effects of ethanol may also be medi- 
ated by endocannabinoid systems (Hungund et al., 2002). 
The expression of cannabinoid CBj receptors and their cou- 
pling to G proteins, as shown by the guanosine 5'-0-(3- 
P^Slthio)triphosphate binding assay, seems to be different 
between alcohol-preferring and -avoiding mice (Hungund 



and Basavarajappa, 2000; Basavarajappa and Hungund, 
2001). The pharmacological results obtained with SR141716 
have been more pronounced with ethanol than with opiates 
and psychostimulants. Blockade of cannabinoid CBj recep- 
tors reduced alcohol intake (Arnone et al., 1997; Colombo et 
al., 1998; Rodriguez de Fonseca et al., 1999; Rinaldi- 
Carmona et al., 2004). The oral consumption of beer by rats, 
as assessed by a lick-based progressive ratio procedure, was 
decreased by CBi receptor blockade and increased by CB^ 
receptor stimulation (Gallate and McGregor, 1999; Gallate et 
al,, 1999, 2004). These effects have been reproduced in mice 
(Poncelet et al., 2003). The involvement of cannabinoid CBj 
receptors in the reinforcing/rewarding effects of ethanol is 
further indicated by findings that ethanol consumption is 
reduced in CBj receptor-deficient mice (Hungund et al., 2003; 
Poncelet et al., 2003; Naassila et al., 2004) and that the 
effects of SR141716 are abolished in these CBj receptor- 
deficient mice (Poncelet et al., 2003). Moreover, CBi receptor 
invalidation reduces ethanol-induced GPP (Houchi et al., 
2004). All of these converging findings suggest tKat cannabi- 
noid CBi receptor blockade may be an effective approach to 
the treatment of alcohol dependence in humans. 

Nicotine 

Nicotine and A^-THC (in the form of marijuana) are often 
used in combination by humans. Several interactions have 
been described between nicotine and A®-THC in animals 
(Valjent et al., 2002). Notably, the rewarding effects of these 
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two drugs measured by the CPP paradigm were additive 
when administered together; subthreshold doses of nicotine 
and A^-THC, which were ineffective in inducing CPP by 
themselves, induced significant CPP when given together 
(Valjent et al., 2002). Interestingly, the cannabinoid CBi 
receptor antagonist SR141716 decreased nicotine self-admin- 
istration in rats (Cohen et al., 2002), and nicotine was not 
able to Induce conditioned place preferences in CBi receptor- 
deficient mice compared with their wild-type littermates 
(Castane et al., 2002). In contrast, CB^ receptor knockout 
mice did seem to learn to self-administer nicotine (Cossu et 
al., 2001), suggesting that some of the actions of nicotine are 
not affected by cannabinoid CB^^ receptor blockade. Blockade 
of CBi receptors by SR141716 also did not block the discrim- 
inative stimulus effects of a high 0.4-mg/kg training dose of 
nicotine in one study (Cohen et al., 2002) and failed to change 
the discriminative stimulus effects of doses of nicotine rang- 
ing from 0.01 to 0,6 mg/kg in another study (Le Foil and 
Goldberg, 2004b). Interestingly, SR141716 dose-dependently 
blocked the dopamine-releasing effects of nicotine in the nu- 
cleus accumbens (Cohen et al., 2002) and the dopaminergic 
component of the nicotine discrimination (Cohen et al., 2002). 



Since dopamine release in the nucleus accumbens is thought 
to play a major role in the positive reinforcing effects of 
nicotine, these findings support a role for cannabinoid CB^ 
receptors in modulating the rewarding^reinforcing effects of 
nicotine. 

The maintenance of nicotine self-administration behavior 
in rats and monkeys often seems to critically depend on 
associated environmental stimuli (Goldberg et al., 1981; Cag- 
giula et al., 2001; Cohen et al., 2004), and persistent effects of 
conditioned environmental stimuli previously associated 
with the effects of nicotine in tobacco may be a major deter- 
minant of relapse to smoking behavior in exsmokers. Acute 
administration of SR141716 blocks the expression of nico- 
tine-induced conditioned place preferences in rats (Le Foil 
and Goldberg, 2004b) (see Fig, 2) and the influence of envi- 
ronmental stimuli on nicotine-seeking behavior (Cohen et al., 
2004). These findings suggest that cannabinoid CBj receptor 
blockade reduced the effectiveness of conditioned motiva- 
tional stimuli associated with nicotine injection. In agree- 
ment with this hypothesis, SR141716 administration has 
been shown to reduce intravenous nicotine self-administra- 
tion behavior in rats (Cohen et al., 2002). 




o 


Saline 1 









-120-1 



150H 



8 



C 

8 

Q. 



100 



50 



0.010.04 0.1 0.4 1 1.4 
Nicotine dose (mg/kg) 



SR141 716 (mg/kg) 
0.3 B3 



I 



11 



1 




Nicotine-CPP Locomotion 



Fig. 2. SR141716 administration blocks nicotine-induced CPP. A, to induce CPP, a box with two discrete chambers, or environments, is used. Rats are 
repeatedly injected with nicotine before being placed in one environment and with saline before being placed in the other environment. Then, in a 
nicotine-free state, the animals are allowed access to both environments, and the amount of time spent in each environment is recorded. Adapted from 
Cami and Farre (2003) B, nicotine is able to induce significant conditioned place preferences over a large range of doses in rats. Results are expressed 
as the difference in time in seconds spent in the drug-paired side between the post- and preconditioning session. *, P < 0.05. Adapted from Le Foil 
and Goldberg (2004a). C, when SR141716 was administered acutely before the test session, it blocked the nicotine-induced conditioned place 
preference without interfering with the raf s locomotor activity. From Le Foil and Goldberg (2004b). 



In human smokers, preliminary data from the STRATUS-US 
trial (smoking cessation in smokers motivated to quit) on the 
effects of SR141716 are promising (Anthenelli and Despres, 
2004). This clinical study enrolled 787 smokers in 11 clinical 
trial sites in the United States. The participants were random- 
ized to Rimonabant at a dose of 5 mg {n = 262) or 20 mg 
(n = 261) or a placebo. The study lasted 10 weeks, and the 
smokers were permitted to smoke during the first 2 weeks 
but were asked to abstain from smoking after this period. 
The quit rates for subjects in the 20-mg Rimonabant group 
were double that of the placebo group, and they showed a 
marked reduction in weight gain over the 10-week treat- 
ment (Anthenelli and Despres, 2004). 

Neurobiological Pathways Affected by 
CB^ Blockade 

The mechanisms underlying the effects of CBj blockade on 
drug-induced reinforcement/rewaixi and relapse to drug- 
seeking behavior remain unknown. Interestingly, SR141716 
has been reported to block dopamine elevations in the nu- 
cleus accumbens produced by nicotine (Cohen et al., 2002) 
and A^-THC (Tanda et al., 1997), and SR141716 is effective 
in decreasing the intravenous self-administration of these 
two drugs (Tanda et al., 1997; Cohen et al., 2002). In con- 
trast, SR141716 is ineffective in blocking the dopamine-re- 
leasing effect of opiates in the nucleus accumbens (Tanda and 
Di Chiara, 1997) and is also ineffective in blocking opiate 
self-administration when the opiate is continuously available 
under an FRl schedule of reinforcement (De Vries et al., 
2003; SoHnas et al, 2003). Further studies evaluating the 
effects of cannabinoid CB^ receptor blockade on the dopam- 
ine-releasing effects of ethanol and cocaine are needed to 
confirm the putative relation between blockade of the dopam- 
ine-releasing effect of a drug in the nucleus accumbens and 
blockade of its reinforcing effects with self-administration 
procedures. 

Environmental stimuli associated with drug self-adminis- 
tration can also produce dopamine elevations in the nucleus 
accumbens (Ito et al., 2000), and it is possible that SR141716 
would also block such conditioned elevations in dopamine 
levels, which could result in a decreased efficacy of drug- 
paired stimuli and therefore reduce the tendency to relapse 
(De Vries et al., 2001, 2003; Cohen et al., 2004; Le Foil and 
Goldberg, 2004b). It is also hkely that drug-priming effects 
that lead to relapse to drug-seeking behavior may be medi- 
ated through elevation of dopamine levels (Phillips et al., 

2003) . Further studies are needed to confirm the role of 
blockade of dopamine transmission in the behavioral effects 
ofSR141716. 

It is interesting to note that a profile similar to that de- 
scribed above with cannabinoid CBi receptor antagonists has 
been described with dopamine Dg receptor ligands, which 
also reduce drug-seeking behavior induced by drug-associ- 
ated stimuli (Pilla et al., 1999; Di Ciano et al., 2003) and 
block drug-induced conditioning processes (Le Foil et al., 
2000, 2002, 2003a,b, 2004b; Vorel et al., 2002; Frances et al., 

2004) but do not alter cocaine self-administration at a low 
fixed ratio value (Pilla et al., 1999). Some effects of SR141716 
are diminished in dopamine D3 receptor-deficient mice (Du- 
arte et al., 2003), suggesting that dopamine D3 receptors are 
involved in CB^ receptor-mediated processes. Since dopa- 
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mine D3 receptors and cannabinoid CB^ receptors are both 
expressed in the mesolimbic dopamine brain reward circuit 
(Mailleux and Vanderhaeghen, 1992; Diaz et al., 2000; Le 
Foil et al., 2002, 2003a,b), these two tjrpes of receptors may 
control the dopamine-releasing effect of drug-associated cues. 
These effects are probably mediated through the ventral 
tegmental area, the nucleus accumbens, or the amygdala (Le 
Foil et al., 2002, 2004a). An increase of monoaminergic neu- 
rotransmission in the medial prefrontal cortex may also be 
implicated in these behavioral effects (Lacroix et al., 2003; 
Tzavara et al., 2003). 

Since cannabinoid CBi receptors are widely expressed 
throughout the brain, it seems likely that several different 
neurotransmitter systems are affected by cannabinoid CB^ 
receptor blockade (Howlett et al., 2002). For example, CBj 
receptors are expressed in areas of the hypothalamus known 
to regulate appetite (Schwartz et aL, 2000; Cota et al., 2003). 
Blockade of cannabinoid CBj receptors seems to decregise 
appetite and food intake, and CB^ receptor antagonists are 
promising new medications for obesity (Black, 2004). Further- 
more, blockade of cannabinoid CBi receptors by SR141716 
prevents the development of food-induced CPP (Chaperon et 
al., 1998). Nevertheless, the neurobiological mechanisms un- 
derlying these effects are still unclear and may also involve 
dopaminergic transmission (Duarte et al., 2003). Further 
work is needed to determine whether similar or different 
neurotransmitter systems are involved in the effects of can- 
nabinoid CBi receptor blockade on appetite and drug-seeking 
behavior. 

Cannabinoid CB.| Receptor Blockade: A Step 
Forward in Drug-Dependence Therapy? 

Despite advances in the understanding of neurobiological 
and behavioral mechanisms that lead to drug dependence 
over the last 20 years, no effective treatment is yet available 
for cocaine or A^-THC dependence. Moreover, medications 
available for ethanol, nicotine, or opioid dependence are in- 
effective in many subjects. For example, the rate of smoking 
cessation by subjects entering into clinical trials that com- 
bine effective medication and behavioral and cognitive ther- 
apy is around 30% at one year; most subjects relapse (Fiore, 
2000). Cannabinoid CB^ receptor antagonists represent a 
potentially useful tool not only for blocking the direct rein- 
forcing effects of A^-THC, nicotine, and ethanol, but also for 
preventing relapse to the use of various drugs of abuse, 
including cocaine, methamphetamine, and heroin. In addi- 
tion, environmental stimuli seem to be one of the major 
factors that can trigger relapse to drug use in abstinent drug 
abusers. This process is not only critical for psychostimulant 
abuse, but also for nicotine and heroin abuse (Wilder, 1973; 
Childress et al., 1992; O'Brien et al., 1992, 1998), and prob- 
ably for other drugs of abuse such as ethanol. By reducing the 
motivational effects of drug-related environmental stimuli, 
cannabinoid CB^ receptor antagonists might, therefore, pro- 
vide an effective means for preventing relapse . to drug-seek- 
ing behavior in abstinent drug abusers, providing a promis- 
ing new tool for the treatment of dependence on a wide range 
of abused drugs. 
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Effects of the cannabinoid-1 receptor blocker rimonabant on 
weight reduction and cardiovascular risk factors in overweight 
patients: 1-year experience from the RIO-Europe study 

iucf\/an Gaol, Aih M Rissanen, Andre j Scheen, Olivier Ziegier, Stephar^ Rossner, for the RlO-Burope Study Group* 
Summary 

Background In animal models, cannabinoid-1 receptor (CB,) blockade produces a lean phenotype, with resistance to 
diet-induced obesity and associated dyslipidaemia. We assessed the effect of rimonabant a selective CB, blocker, on 
bodyweight and cardiovascular risk factors in overweight or obese patients. 

Methods 1507 patients with body-mass index 30 kg/m^ or greater, or body-mass index greater than 27 kg/m* with 
treated or untreated dyslipidaemia, hypertension, or both, were randomised to receive double-blind treatment with 
placebo. 5 mg rimonabant, or 20 mg rimonabant once daily in addition to a mild hypocaloric diet (600 kcal/day 
deficit). The primary efficacy endpoint was weight change from baseline after 1 year of treatment in the intention-to- 
treat population. 

Findings Weight loss at 1 year was significantly greater in patients treated with rimonabant 5 mg (mean -3 -4 kg [SD 
5 -7]; p=0 002 vs placebo) and 20 mg (-6-6 kg [7 - 2); p<0 001 vs placebo) compared with placebo (-1-8 kg [6 -4]). 
Significandy more patients treated with rimonabant 20 mg than placebo achieved weight loss of 5% or greater 
(p<0*001) and 10% or greater (p<0-001). Rimonabant 20 mg produced significantly greater improvements than 
placebo in waist circumference, HDL<holesterol, triglycerides, and insulin resistance, and prevalence of the 
metabolic syndrome. The effects of rimonabant 5 mg were of less clinical significance. Rimonabant was generally 
well tolerated with mild and transient side effects. 

Interpretation CB, blockade with rimonabant 20 mg, combined with a hypocaloric diet over 1 year, promoted 
significant decrease of bodyweight and waist circumference, and improvement in cardiovascular risk factors. 
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Introduction 

The prevalence of obesity continues to increase, with 
more than 50% of Europeans currently classified as 
overweight and up to 30% as clinically obese.* ^ WHO has 
estimated that, yearly, about a quarter of a million deaths 
in Europe and more than 2 • 5 million deaths worldwide 
are weight-related, with cardiovascular disease as the 
leading cause.* Because few safe and effective drugs are 
available, the treatment of obesity remains one of the 
greatest unmet clinical needs of our time. 

The newly discovered endocannabinoid system 
contributes to the physiological regulation of energy 
balance, food intake, and lipid and glucose metabolism 
through both.central and peripheral effects.*^ This system 
consists of endogenous ligands and two types of G- 
protein-coupled cannabinoid receptors: CB,, located in 
several brain areas and in a variety of peripheral tissues 
including adipose tissue, the gastrointestinal tract, the 
pituitary and adrenal glands, sympathetic ganglia, heart, 
lung, liver, and urinary bladder;'-* and CB2, in the immune 
system.' The endocannabinoid system is overactivated in 
genetic animal models of obesity* and in response to 
exogenous stimuli such as excessive food intake.'" 
Preclinical studies implicate the endocannabinoid system 
in the modulation of food intake and adipogenesis,""" 
through peripheral mechanisms. The system might 
provide a possible treatment target for high-risk over- 



weight or obese patients. Insights into the endocannabi- 
noid system have been derived from studies in animals 
with genetic deletion of CB„ which have a lean phenotype 
and are resistant to diet-induced obesity and associated 
insulin resistance produced by a highly palatable high-fat 
diet.'* Further evidence comes from investigation of 
pharmacological blockade of CB, receptors with the 
selective CB^ blocker rimonabant, which produces weight 
loss and ameliorates metabolic abnormalities in obese 
animals.'*^" Preclinical findings support the role of the 
CBj receptor in both central and peripheral regulation of 
energy balance and body weight,'^ providing a mechanistic 
basis for the clinical development of rimonabant for the 
management of obesity and associated cardiovascular risk 
factors. 

We undertook a large, multicentre, multi-national, 
randomised, placebo-controlled trial — the RIO 
(Rimonabant In Obesity) Europe trial — to assess the 
efHcacy and safety of rimonabant in reducing body 
weight and improving cardiovascular risk factors in 
overweight or obese patients. 

Methods 
Patients 

Men and women aged 18 years or older, with body-mass 
index (BMI) 30 kg/m^ or greater, or BMI greater than 
27 kg/m^ with treated or untreated hypertension or 
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305 placebo 



127 withdrawn 

7 lack of effectiveness 
28 adverse event* 

8 poor compliance 
76 patient request 
8 lost to follow-up 



treated or untreated dyslipidaemia, were recruited from 
60 sites in Europe and the USA between October, 2001, 
and April. 2002. Although RIO-Europe was planned to be 
done in Europe only, difficulties in meeting recruitment 
targets led to the extension of the study to 20 sites in the 
USA with an enrolment, of 276 US patients. 

Eligible patients had less than 5 kg variation in body- 
weight within the 3 months before study entry. 
Exclusion criteria included clinical disorders, such as 
substantial endocrine disease, diabetes mellitus, 
cardiovascular or pulmonary disease, hepatic and renal 
disorders, or substantial neurological or psychological 
illness. Patients were also excluded if they had a history 
of depression necessitating hospitalisation, two or more 
recurrent episodes of depression, or suicide attempt. 
Previous history of surgical procedures for weight loss 
{eg, stomach stapling, bypass) was also an exclusion 
criterion. Concomitant use of medications known to 
alter bodyweight or appetite, including anti-obesity 
drugs, corticosteroids, antidepressants, neuroleptics, 
non-selective systemic antihistamines, nicotine 
substitutes, and antidiabetic drugs, was not permitted. 
No change in hypolipidaemic medication was allowed. 
To avoid metabolic effects due to altered smoking habits, 
patients who indicated their intention to stop smoking 
were not included. Marijuana and hashish users were 
excluded from the study. 
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Figure 1: Trial profile 
* Including run-in period. 
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100-9(19-8) 


1017(19-5) 


Waist (cm)t 


1077(13-8) 


108-4(14 3) 


108-8 (I41) 


Hypertension '(%)* ■ 


116(38-0%). 


264(43-8%) 


237(39-6%) 


Dyslipidaemia (%)' 


189 (620%) 


371(61-5%) 


355(594%) 


Metabolic syndrome (%)' 


121 (40-6%) 


243(40^8%) 


251(42-4%) 


Current smokers (%)* 


60(197%) 


136(226%) 


102 (17-0%) 


•Data are number {%). tData are mean (SD). 






Tobfe 1: Baseline characteristics 



Procedures 

The study was approved by the local ethics committees 
and done in accordance with the Declaration of 
Helsinki and ICH Good Clinical Practice between 
October, 2001, and June, 2004. RlO-Europe was a 2-year 
randomised, double-blind, placebo-controlled, parallel 
group, fixed-dose, multicentre study, with a 2-week 
screening period and 4-week single-blind, placebo run- 
in period. For the double-blind treatment period, the 
randomisation code list, with a block size of five, was 
generated centrally by the sponsor. Treatments were 
allocated to patients using the interactive voice 
responding system according to the predefined 
randomisation list (1: 2: 2 ratio for placebo, 5 mg 
rimonabant, and 20 mg rimonabant, respectively). A 
central laboratory (ICON Laboratories, Farmingdale, 
USA, and Dublin, Ireland) ensured that the 
randomisation of treatment was balanced within each 
centre and was stratified based on the loss of 
bodyweight («2 kg or > 2 kg) recorded during the run- 
in period, per protocol. During the double-blind period, 
patients were seen every 14 days during the first month 
and thereafter every 28 days until the end of the study. 

Basal metabolic rate was estimated with the Harris 
Benedict formula, and 600 kcal were subtracted by a 
dietician to calculate a recommended daily energy 
intake for each patient. At each visit, patients received 
dietary counselling and were encouraged to increase 
physical activity. 

Bodyweight, waist circumference, and blood pressure 
were measured at screening, at randomisation, and at 
every treatment visit, whereas lipid profile, fasting 
glucose, and insulin were measured every 3 months by 
use of standard procedures in the central laboratory 
(ICON Laboratories).^' Hypertension was defined as 
systolic/diastolic blood pressure of 140/90 mm Hg or 
greater. Dyslipidaemia was defined as LDL-cholesterol 
3 • 36 mmol/L or greater, HDL-cholesterol less than 1 -03 
mmol/L, and triglycerides 1-69 mmol/L or greater. The 
prevalence of the metabolic syndrome was assessed at 
screening, baseline, and 12 months, according to the 
criteria of the National Cholesterol Education Program 
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Adult Treatment Panel IIL'' An oral glucose tolerance 
test (75 g glucose) was done at baseline and at 1 year. 

The primary efEcacy endpoint was the absolute weight 
change from baseline (randomisation) at the end of year 1 
in the intention-to-treat (ITT) population. Another weight- 
related criterion was the proportion of patients who 
achieved weight loss of 5% or more and 10% or more. 
Secondary efficacy endpoints were waist circumference 
(as a marker of change in abdominal obesity), 
concentrations of glucose and insulin in serum when 
fasting. HDL-cholesterol arid triglycerides, *and the 
prevalence of the metabolic syndrome. Additional efficacy 
endpoints were changes in concentrations of total 
cholesterol and LDL-choIesterol in serum and changes in 
insulin resistance, derived from the HOMA-IR 
(homoeostasis model assessment), calculated as fasting 
insulin (pU/mL)X fasting glucose (mmol/L)/22-5." 
Analysis of quality of life and dietary assessment were also 
done at baseline and after 1 year (data still under analysis). 

Safety assessments, including physical examination, 
standard laboratory tests (haematology, liver enzymes, 
blood chemistry tests), and an ECG, were done at 
screening, at baseline, and at regular visits every 
3 months. Adverse events were recorded at each visit. 
Mood was evaluated with the Hospital Anxiety and 
Depression (HAD) scale" at baseline and every 
3 months. Patients who presented with a symptom of 



depression or an HAD score of 11 or greater had to be 
referred to a psychiatrist to ascertain the exact diagnosis 
of the clinical picture, and treatment if indicated. The 
HAD score is a short, self-report scale, which is easy to 
use in a primary-care setting to screen for the presence 
of mood disorders in different populations of patients, 
including obese patients." An independent Data Safety 
Monitoring Board was in place to ensure the safety of the 
patients by review and analysis of the unblinded safety 
data, on a regular basis. 



• Placebo 
A Rimonabant 5 mg 
A Rimonabant 20 mg 



i 

*♦ 




Figure 2: Change from baseline in bodyweight (A) and waist circumference (B) 
Data are mean (SE) values for patients completing each scheduled visit and LOCF 
(values for the full ITT population with the last observations carried forward). 
*p<0001 vs placebo. tp=0002 vs placebo. 





Pbttbo 


Rimonabant 




p vs placebo 




Smg 


20 mg 


Smg 


20 mg 


Weight (kg) 












Baseline 


99 9 (20 2) 


1007 (197) 


101 7 (19-4) 






lyear 


981 (20 9) 


97-3 (20 1) 


951 (20-6) 






Change 


'1-8(6 4) 


-34(57) 


-66(7-2) 


0002 


<0001 


Waist (cm) , 












Baseline 


1077(13 8) 


108-3 (14-3) 


108 7 (14-1) 






lyear 


105 3 (14-3) 


1044(14-5) 


102-2 (15 4) 






Change 


-24(6.9) 


-39(63) 


-6 5(7-4) 


0002 


<0001 


SBP(mmHg) 












Baseline 


1268(13 7) 


1270(14-8) 


127-0(141) 






lyear 


1270(13-6) 


1261 (14-7) 


1260 (14-1) 






Change 


0.3(12-3) 


-0-9(12-5) 


-10(125) 


ns 


ns 


OBP(mm Hg) 












Baseline 


79-7(85) 


79-6 (9-1) 


79-4(8-8) 






lyear 


79-8(87) 


788(89) 


78-5 (8-6) 






Change 


01(85) 


-0-8(8.8) 


-09(87) 


ns 


ns 


TC(mmol/L) 












Baseline 


5-29(100) 


5 37(0 92) 


5-37(100) 






lyear 


5-37(1-01) 


5-43 (0-86) 


5-42(0-98) 






Change 


ao8 (078) 


0-06 (0.70) 


o^J5 \U-/0) 


ns 




HOL-C(mmol/L) 












Baseline 


1-27 (0-34) 


1-27(032) 


1-27 (0-33) 






lyear 


142 (038) 


1-46(037) 


1-54 (0-40) 






Change 


0^15(0-23) 


019(073) 


0.26(026) 


0-048 


<0 001 


TG (mmol/L) 












Baseline 


145(087) 


146(089) 


1-45(0-85) 






lyear 


1-43(0 78) 


1-44(0.92) 


1-25(072) 






Change 


-aoi (0-68) 


-002(077) 


-0-20(064) 


ns 


<0001 


U)L-C(mmo(/L) 












Baseline 


313(082) 


319 (0-76) 


371 (0 81) 






lyear 


3-30(0.88) 


3-32 (a75) 


3 29(0-83) 






Change 


017(070) 


013(0.62) 


008(063) 


ns 


ns 


Total/HDL-C ratio 












Baseline 


4-42 (1-28) 


4 46(1-22) 


4-44(171) 






lyear 


3-99 (115) 


3-94(111) 


3-72 (106) 






Change 


-0 42 (0 83) 


-0 52 (0 80) 


-071(078) 


ns 


<0001 


Fasting glucose (mmol/L) 










Baseline 


5-26 (0 70) 


5-30(0 62) 


5-28(070) 






lyear 


5-29(083) 


5-26 (a73) 


5 20(0-68) 






Change 


003(077) 


-005(068) 


-009(0 65) 


ns 


ao26 


Fasting insulin (mU/mL) 










Baseline 


12-4(96) 


127(9-2) 


127(9-5) 






lyear 


14-2(131) 


13-0(10.$) 


117(83) 






Oiange 


1-8 (13-0) 


0.3(11-2) 


-1^0(8.8) 


ns 


<0001 


HOMA-IR (H) 












Baseline 


3-0(2.6) 


3-1(2 8) 


3-1(2 5) 






lyear 


34(3 5) 


31(2-9) 


2 8(23) 






Change 


04(35) 


0-0(3-4) 


-0-3(2.4) 


m 


0002 


Data are mean (SD). Analyses for total cholesterol (TQ, HDL-cholesterol (HDL-C). LDL-cholesteroJ (LDL-C). and triglycerides (TG) 


were done on percentage changes from baseline, and those for cholesterol ratios were done on changes from baseline. 


SBP-systolic blood pressure. OBP»dia$toJic blood pressure. ns=not significant. 






ToUe 2: Changes in metabolic and cardiovascular risk factors in ITT population 
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Ptacebo 


Rimonabant 


r • ' 


p vs placebo 










■ - ■- 
... "^^ 


Smg 


20 


Weight (kg) 






' , ' ■ * 






BaseGne 


9*5(197) 


100-1(19-6) 


1020(19^7) 






lyear 


94-9(20 0) 


954(19-8) 


934(2a8) 






Change 


-3-6 (7-4) 


.4.8(6-2) 


-8.6(73) 


0-042 


<o.ooi 


W«st(cm) 












Baseline 


108^(13-8) 


109.0(14-2) 


109-3(14-4) 






lyear 


103-5(14-3) 


103-7 (14-7) 


100.8(15-5) 






Change 


-1-5 (7-3) 


-5-3(64) 


-8.5(7-4) 


ns 


<o.ooi 


SBP(rnmHg) 












BaseGne 


1271(13 8) 


127 4(14 7) 


127 8(14-1) 






lyear 


1267(137) 


1261(151) 


125-8(13-5) 






Change 


-04(12 7) 


-13(122) 


-20(126) 


ns 


ns 


DBP(mmHg) 












Baseline 


80-2(80) 


796(9 3) 


797(90) 






1 year 


798(82) 


78-2 O-O) 


78-0(8-5) 






Change 


-<M(8.1) 


-1-5(8 8) 


-1-8(8-7) 


ns 


ns 


LDL-C(mmol/L) 












Baseline 


3-12 (081) 


3 22(0-77) 


3l8(a79) 






lyear 


3-33(0 87) 


3 36(0-75) 


3-28(0-82) 






Change 


0-21 (0-70) 


013 (0-61) 


0-10(0-63 


ns 


0-024 


HOL-(:(mmol/L) 












Baseline 


1-28(037) 


1-26(0-31) 


1-27 (a33) 






lyear 


148(041) 


1-48(0.38) 


1-59(0-41) 






Change 


a20(0-23) 


0-23(023) 


0 32 (026) 


ns 


<0001 


TG(mmol/L) 












Baseline 


1-41 (0-84) 


1-45 (0-88) 


1 44 (0 80) 






lyear 


1-37 (0-69) 


1-42 (0-92) 


118 (0-60) 






Change 


-004 (0-68) 


-0 03 (0 80) 


-0-26 (0-60) 


ns 


<0001 


Fasting glucose (r 


nmol/L) 










Baseline 


5-29 {0-76) 


5-37(0-64) 


S-31 (071) 






lyear 


5-30 (0-93) 


5-30(0 68) 


S-20 (0 68) 






Change 


0-01 (090) 


-0-07 (0-62) 


-0-11 (0-66) 


ns 


ns 


Fasting insulin (mU/mL) 










Baseline 


11-8(77) 


12-7 (10-3) 


12-7 (100) 






lyear 


127(9-5) 


12-5(8-2) 


11-0(6-1) 






Change 


10(87) 


-03(10-2) 


-17(8-8) 


ns 


0002 


HOMA-IR(%) 












Baseline 


2 8(2 0) 


31(3-2) 


31(27) 






lyear 


31(2 5) 


3-0(2-3) 


2-6(1-7) 






Change 


0-3(2 2) 


-0-1(3-3) 


-05(2 4) 


ns 


0005 


Data are mean (SD). Analyses for lotaJ cholesterol (TC). HOL-diolesterol (HDL-C). LDL-cholesterol (LDL-C). and triglycerides (TG) 


were done on percentage changes from 


baseline. SBP«systolic blood pressure. DBP-diastoltc 


bided pressure. 


ns*not significant 


Table 3: Changes in selected metabolic and cardiovascular risk factors in patients who.compfeted 1 year 


foilow>up 













Statistical analysis 

For the primary endpoint. analysis was done in the ITT 
population using the last observation carried forward 
method and presented as mean and SD, unless 
otherwise stated. An analysis of variance (ANOVA) 
model, with treatment and randomisation strata as fixed 
effects, was used, followed by the modified Bonferroni 
procedure (Hochberg) to account for multiplicity of 
doses. For secondary endpoints, continuous variables 
were analysed by means of one-way ANOVA with 
treatment as fixed effect. Categorical variables were 
analysed with the test. Each rimonabant dose group 
was compared with the placebo group. 

Analysis of covariance (ANCOVA) and/or logistic 
regression models using weight loss as covariate were 
applied to investigate whether the observed effects on 



efficacy endpoints were independent of weight loss as 
reflected by the last weight measurement. All statistical 
tests were two-sided at the 5% significance level. 

Role of the funding source 

The study was designed by the steering committee, 
composed of the investigators of the RIO programme 
and a representative from the sponsor. The trial design 
and follow-up were assessed by the Trial Operational 
Committee. Data were collected by the pharmaceutical 
sponsor and were assessed jointly by the authors and the 
sponsor. The data were interpreted and the manuscript 
written by the authors. The corresponding author had 
full access to all data and had final responsibility for the 
decision to submit for publication. 

Results 

309 men and 1198 women were randomised to double- 
blind treatment. 920 patients (61%) completed the 1-year 
foUow-up: 178 (58-4%) in the placebo group, 379 
(62-7%) in the rimonabant 5 mg group, and 363 
(60-6%) in the rimonabant 20 mg group (figure 1). 

The treatment groups had similar demographic and 
baseline characteristics (table 1). 346 patients with a BMI 
of 40 kg/m^ or greater were enrolled. At baseline, 617 
(40-9%) patients had hypertension, 915 (60-8%) had 
dyslipidaemia, and 615 (41-4%) met the criteria for 
metabolic syndrome. During the 4-week run-in period, 
the mean decrease in weight across all groups was 
1-9 kg (SD 2-2), with associated reductions of 1-5 cm 
(3-5) in waist circumference, 0-05 mmol/L (0-66) in 
triglyceride concentration, and 0-08 mmol/L (0-23) in 
HDL-cholesterol concentration. 

In the ITT population, change in bodyweight from 
baseline was significantly greater in the rimonabant 
5 mg and 20 mg groups than in the placebo group 
(figure 2 A and table 2). Table 3 shows differences 
between the groups in patients who completed the 
allocated treatment. Taking into consideration the mean 
weight loss during the run-in period of 1-9 kg, total 
cumulative weight loss ranged from 5 kg in the placebo 
group to more than 10 kg in patients on rimonabant 
20 mg. Waist circumference changed significantly from 
baseline in the rimonabant 5 mg and 20 mg groups 
(figure 2B, tables 2 and 3). 

Placebo-subtracted analysis showed that rimonabant 
20 mg was associated with significant (all p<0-001) 
weight loss (mean -4-7 kg [SE 0-4] for ITT and -5 • 1 kg 
[0-61 for completers) and reduction in waist 
circumference (-4-2 cm [0*5] and -4-0 cm [O-ej; data 
not shown). In the ITT population, a significantly greater 
proportion of patients in the rimonabant groups 
achieved weight loss of 5% or greater from baseline 
compared with the placebo group (figure 3A). The 
proportion of completers who had 10% or more weight 
loss was also greater in the rimonabant 20 mg group 
than in the placebo group, but not different between the 
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5 mg group and placebo. A similar pattern of results was 
seen in completers (figure 3B). 

In morbidly obese patients (BMI ^40 kg/m^), a similar 
effect on weight loss was recorded compared with the 
whole study population (data not shown). Results 
showed no interaction between sex and weight loss: no 
significant difference in changes was detected between 
men and women. 

Changes in metabolic and cardiovascular risk factors 
in the ITT population are shown in table 2. In this 
population, treatment with rimonabant 5 mg and 20 mg 
increased HDL-cholesterol by 16-2% (SE 0-8; p-0 048 
compared with placebo) and 22-3% (0-9; p<0 001), 
respectively, compared with 13-4% (1-1) in the placebo 
group (figure 4A). Triglyceride concentrations were 
reduced by 6-8% (SE 1-5; p<0 0001 vs placebo) in the 
rimonabant 20 mg group, compared with an increase of 
5-7% (1-9) in the 5 mg group and 8-3% (2-6) in the 
placebo group, in the ITT population (figure 4B). Results 
in completers are presented in table 3. 

Logistic regression models and/or ANCOVA using 
weight loss as a covariate were applied to assess whether 
the effects of rimonabant 20 mg on both HDL-cholesterol 
and triglyceride at 12 months were partly independent of 
weight loss as reflected by the last weight measurement. 
The weight-loss-adjusted difference in HDL-cholesterol 
(expressed as the percentage change from baseline) 
between the placebo and rimonabant 20 mg groups was 
3-6% (p-0 01 vs placebo), compared with an unadjusted 
difference of 8-9% (p<0-001 vs placebo); this value would 
translate to about 60% of the increase in HDL-cholesterol 
being accounted for by the observed weight loss in the ITT 
population. Similarly, the weight-loss-adjusted difference 
in the percentage change in triglyceride concentrations 
between placebo and rimonabant 20 mg was -8-3% 
(p=0'006 vs placebo) compared with the unadjusted 
difference of-15 1% (p<0 001 vs placebo) in the ITT 
population, conesponding to about 45% of the reduction 
being accounted for by the observed weight loss. 

A significant decrease in non-HDL-cholesterol was 
observed in the rimonabant 20 mg group compared with 
placebo (4-3% [SD IG-l] vs -0-2% [18 3]; p<0.001) in 
the ITT population; no difference was noted between the 
rimonabant 5 mg and placebo groups. Changes in LDL- 
cholesterol and total cholesterol were not significantly 
different between the rimonabant and placebo groups. 

In the ITT population, 1-year treatment with 
rimonabant 20 mg resulted in a significant reduction in 
fasting plasma glucose, compared with the placebo 
group (table 2). A similar pattern was observed for 
insulin concentration. A decrease from baseline in 
HOMA-IR was seen in the rimonabant 20 mg, whereas 
this index increased in the placebo group. No significant 
differences in fasting plasma glucose, fasting insulin, or 
HOMA-IR, were noted between the rimonabant 5 mg 
group and placebo. Results for completers are presented 
in table 3. The proportion of patients with impaired 



Weight loss »S% 



Weight loss » 10% 



A nrpopubtion 

80- 



50 9%' 




274%* 




7-3% 



12-4% 



15-3% 



Placebo Rimonabant Rimonabant 
5 mg 20 mg 



Placebo Rimonabant Rimonabant 
5 mg 20 mg 



Figures: Proportion of patients who lost >5% and >10% of baseline weight at 1 year 
*p<0 001 vs placebo. tp>0 002 vs placebo. 

glucose tolerance or diabetes during the oral glucose 
tolerance test at baseline who improved their glucose 
tolerance status was not different between groups. The 
2-h post-load glucose concentrations were not 
statistically significant between groups. However, 
rimonabant 20 mg was associated with a significant 
reduction in 2-h insulin (-11*0 p,U/mL [SD 40-1] from 
baseline vs -2 - 3 jjlU /mL (38 • 51 with placebo; p=0 • 019), a 
marker of insulin resistance. There were no significant 
differences in post-load insulin concentrations between 
rimonabant S mg and placebo. 

Overall, there were no interactions between sex and 
observed weight loss, changes in metabolic parameters, 
or reduction in waist circumference. Although the 
systolic and diastolic blood pressure were slightly 
reduced after 1 year of rimonabant 20 mg treatment, the 
changes were not significantly different from placebo. 

The proportion of patients who fulfilled the criteria for 
the metabolic syndrome in the ITT and completer 
popjulations is shown in table 4. At 1 year from baseline, 
the proportion had decreased significantly more in the 
rimonabant 20 mg group than in the placebo group. 

The frequency of adverse events was slightiy higher in 
the rimonabant 20 mg group than in the rimonabant 
5 mg and placebo groups. Table 5 provides an analysis of 
all the adverse events occurring in at least 5% of patients 
in any group. The most common adverse events 
occurring widi rimonabant were: nausea, dizziness. 
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1^ 



»5^ 




r 
i 




Weeks 



BqukA: Mean percentage change from baseline in HDL-choiesterol (A) and 
triglycerides (B) 

Data are mean (SE) values for patients completing each scheduled visit, and LOCF 
(values for the full nT population with the last observations carried fonward). 
*p<0001 vs placebo, tp-0002 vs placebo. 



no differences between the treatment groups were 
observed (tables 5 and 6). Two deaths were reported: one 
in the placebo group (haemorrhagic cerebrovascular 
accident, about 2-5 months after randomisation, in a 
63-year-old woman treated with phenprocoumon for an 
aortic valve prothesis), and one in the rimonabant 20 mg 
group (diagnosis of uterine adenocarcinoma 2 months 
after randomisation in a 55-year-old woman, resulting in 
death 3 weeks later due to complications). 

The discontinuation rate was similar between the 
groups, with more withdrawals due to adverse events in 
the rimonabant 20 mg group and a higher rate of 
discontinuation due to lack of effect in the placebo group 
(figure 1). The most common adverse events leading to 
study discontinuation were depressed mood disorders in 
all treatment groups; discontinuations due to nausea, 
vomiting, diarrhoea, headache, dizziness, and anxiety 
were more frequent in the rimonabant 20 mg group 
than in the other groups (table 7). 

After 1 year, there were no significant changes in the 
HAD scale subscores for depression (placebo 2-7 
[SD 2-9], rimonabant 5 mg 2-7 [2-7], and rimonabant 
20 mg 3-413-4]) or anxiety (4-4 [4-0], 4-5 [3 -7], and 5-6 
[4 1]). Similar proportions of patients with post-basehne 
depression subscores of 11 or greater were noted in the 
placebo (23, 8-5%), rimonabant 5 mg (40, 7-5%), and 
rimonabant 20 mg groups (41, 7-9%). No specific 
changes in laboratory parameters for haematology or 
kidney and liver functions were reported. No effect of 
rimonabant on blood pressure was noted (tables 2 and 
3). Mean heart rate remained unchanged from baseline 
with rimonabant 20 mg, and QTcF decreased by 
5-7 msec (SD 16-3) in the placebo group and 3-6 msec 
(16 -9) in the rimonabant 20 mg group. 



arthralgia and diarrhoea, some patients exhibiting a 
higher incidence with rimonabant 20 mg. These events, 
however, were for the most part, mild to moderate in 
intensity and considered to be transient, based on the 
occurrence mainly during the first months of the study. 
There was more headache, fatigue, and upper 
respiratory infection in the placebo group. 

Similar frequencies of serious adverse events were 
reported in all groups: except for psychiatric disorders. 





Placebo (%) 


Rimonabant S mg (%) 


Rimon^ant 20 mg (%) 


rrr 

Baseline 
lyear 

Change from basdine {%) 

Completers 

Baseline 

lyear 

Change from baseline (%) 
*p<0'001 rimonabant 20 mg vs 


108 of 271 (39-9«} 
85of27l(3l-4«) 
213* 

65 of 167 (38-9%) 
43 of 167 (257%) 
339% 

placebo. 


228 of 553(41-2%) 
158 of 553 (28-6%) 
306% 

t55of366(42.3%) 
101 of 366 (27-6%) 
348% 


228 of 540 (42-2%) 
106of540(196%)' 
53-6%' 

159 of 354 {44-9%) 
56of354(15'8%)* 
64-8%* 


Table 4: Prevalence of the metabolic syndrome in the fTT and completer populations at baseline and 
after 1 year of treatment 



Discussion 

In this study, treatment with rimonabant over 1 year led to 
sustained, clinically meaningfiil weight loss, reduction in 
waist circumference, and associated improvements in 
several cardiovascular and metabolic risk factors, 
including HDL-cholesterol and triglyceride concentra- 
tions, HOMA-IR, and prevalence of the metabolic 
syndrome. About half of the effect of rimonabant on 
HDL-cholesterol and triglycerides was independent of 
weight loss. Despite a significant effect on bodyweight, 
rimonabant 5 mg had an effect of limited clinical interest 
on metabolic variables. More than 67% of patients who 
completed treatment with rimonabant 20 mg achieved 
5% or more weight loss, and 39% achieved 10% or more 
weight loss; the target of 5-10% weight loss, which is 
judged to be standard in the field of conventional obesity 
treatment, could be achieved.*^* The pattern of weight 
loss observed in this study with rimonabant appears to be 
sustained up to 36-40 weeks. How this finding would 
translate into prolonged weight loss in clinical practice 
has to be determined. The decrease in waist circumfer- 
ence, a measure of abdominal obesity, is known to be 
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associated with improvements in cardiovascular disease 
risk factors,"^* including atherothrombotic and pro- 
inflammatory metabolic abnormalities." The weight loss 
observed in 39% of patients treated with rimonabant 
20 mg was associated with a concomitant reduction in 
waist circumference by about 9 cm. a value that could be 
associated with a 30% decrease in intra-abdominal 
adiposity." 

Rimonabant treatment was associated with significant 
improvements in lipid and glycaemic variables. 
Importantly, the improvements in HDL-cholesterol and 
triglycerides observed in this study could not be fully 
explained by the observed weight loss alone; this 
statement is supported by the changes over time in these 
metabolic variables compared with bodyweight. The 
marked increase of HDL-cholesterol among placebo- 
treated patients can partly be explained by the fact that, 
during the run-in period, HDL-cholesterol decreased by 
about 6% {data not shown) as a logical consequence of the 
negative energy balance during that period. Irrespective of 
this effect, the placebo-subtracted benefit in HDL- 
cholesterol increase with rimonabant reached about 10%. 
In view of the knowledge that a 1% increase in HDL- 
cholesterol might lead to a 2% reduction in cardiovascular 
risk, these findings seem to be promising.^ 

The endocannabinoid system is a neuromodulatory 
system that plays a role in many physiological processes, 
including the regulation of food intake and energy 
homoeostasis.^ Over the past decade, understanding of 
endocannabinoid biology has progressed substantially 
with the identification of two G protein-coupled 
cannabinoid receptors, CB, and CB^,"" and their 
endogenous ligands. CB, receptors are located in the 
central nervous system and in various peripheral 
tissues." CBj receptors are located in the immune system 
and do not seem to have a role in energy homoeostasis." 
Rimonabant is a selective CB, blocker that suppresses 
tonic endogenous activation of the endocannabinoid 
system centrall/-^ and peripherally** (figure 5). 

Rimonabant reduces the excessive consumption of 
palatable food or drinks in rats and marmosets." " The 
mechanism by which rimonabant regulates food intake 
is probably centrally mediated,'^ but recent results 
suggest an additional peripheral action. Indeed, 
endocannabinoids derived from the gastrointestinal 
tract appear to be able to modulate feeding behaviour by 
acting on CB, receptors located on capsaicin-sensitive 
sensory terminals." In diet-induced obese mice, 
rimonabant treatment leads to a marked and sustained 
reduction of bodyweight and adiposity that could not be 
explained by the transient reduction of food intake 
observed. When compared with food restriction in a 
pair- feeding protocol, rimonabant treatment induced a 
greater bodyweight loss in diet-induced obese mice,'" 
indicating that the effects of rimonabant on bodyweight 
are partly independent of food intake. It seems hkely that 
CB, receptors expressed on adipocytes might be one of 



Placebo (n»305} Rimonabant 5 mg (n«603) Rhnonabant 20 mg (n-599) 


Any adverse events . ; 


257(84-3%) 


498(82 6%) 


522(87-1%) 


Nasopharharyngitis 


48 (15-7%) 


87(14-4%) 


93(15 5%) 


. influenza - 


32J10-5%) 


51(8-5%) 


54(9-0%) 




Gastroententn 


24(7-9%) 


40(66%) 


51(8 5%) 




• ' Upper rei^tofy tract ihfectioh 


23(7-5%) 


43(7-1%) 


33(5-5%) 




Bronchitis 


16(5-2%) 


34(5-6%) 


34(5-7%) 




Sinuutis 


17(5-6%) 


27(4-5%) 


26(4-3«) 




Headache 


41(13-4%) 


58(96%) 


59(»8%) 




Dizziness 


15(49%) 


-42(70%) 


52(8-7%) 




Nausea 


.13(4-3%) 


31(51%) 


77(129%) 


Diarrhoea 


9(3-0%) 


' 36(6-0%) 


43(7-2%) 




Arthralgia 


21 (69%) 


58(96%) 


47(7-8%) 




Back pain 


26(8-5%) 


56(9-3%) 


55(9-2%) 




Fatigue 


17(5-6%) 


24(4-0%) 


25(4 2%) 




ToWe S: Patients reporting adverse events (^5% in any treatment group) 








Placebo (n»305) 


Rimonabant S mg Rimonabant 








(n«603) 20mg(n«S99) 


Any serious adverse event 




23(7-5%) 


45(7-5%) 52(8-7%) 


Respiratory disorders 




0 


0 


2(0-3%) 


Psychiatric disorders 




1(0-3%) 


2(0-3%) 


9(1-5%) 


Nervous syst^n disorders 




3(10%) 


7(1-2%) 


3(0-5%) 


Ear disorders 




0 


0 


1(0-2%) 


Cardiac disorders 




0 


2(0-3%) 


2(0-3%) 


Vascular disbrdos 




0 


2(6-3%) 


3(0-5%) 


GastrcMntestinal disorders 




3(10%) 


3(0-5%) 


2(0-3%) 


Hepatobil iary disorders 




3(1-0%) 


5(0-8%) 


1 (0-2%) 


Musculoskeletal and connective disorders 


6(20%) 


13(2-2%) 


10(17%) 


Renal and urinary disorders 




0 


2(0-3%) 


2(03%) 


Reproductive system and breast disorders 


1(0-3%) 


2(0-3%) 


3(0-5%) 


Investigations 




1(0-3%) 


0 


1 (0-2%) 


Injury, poisoning, and procedure complications 


4(1-3%) 


5(0-8%) 


4(07%) 


Neoplasms: benign, malignant, and unspecified 


2(07%) 


5(0-8%) 


7(12%) 


General disorders 




0 


0 


1(0-2%). 


Data are prepoitions of patients with at least one serious event. 






Tabfe & Serious adverse events by system organ class during the double-blind period of the trial 








Placebo (na305) 


Rimonabant 


Rimonabant 








5 mg (n=603) 


20mg(n=599) 


Any adverse event leading to discontinuation 


28(9 2%) 


50(8-3%) 


87(14-5%) 


Psychiatric disorders 




16(5-2%) 


18(3-0%) 


42(7-0%) 


Depressed mood disorders 




9(3-0%) 


14(2-3%) 


22(3-7%) 


Anxiety 




1(0-3%) 


0 


6(1-0%) 


Agitation 




2(0-7%) 


0 


3(0-5%) 


Sleep disorders 




0 


2(03%) 


1(02%) 


Nervous system disonlers 




2(0-7%) 


8(13%) 


10(1-7%) 


Headadie 




0 


2(0 3%) 


4(0 7%) 


Dizziness 




0 


2(03%) 


2(0-3%) 


Hypoaesthesia 




0 


0 


2(0-3%) 


Gastrointestinal disorders 




0 


5(08%) 


21 (3 5%) 


Nausea 




0 


1 (0-2%) 


14(2-3%) 


Vomiting 




0 


0 


4(07%) 


Diarrhoea 




0 


0 


3(0-5%) 


Dyspepsia 




0 


0 


2(0-3%) 


Flatulence 




0 


2(0-3%) 


0 


Cardiac disorders 




3(10%) 


2(03%) 


5(0-8%) 


Palpitations 




1(03%) 


0 


2(0-3%) 


According to the Medical Dictionaiy for Regulatory Activities in at least two patients in any Uealraent group (one patient may 


report several events). Only main system organ dasses are presented. 






Tabfe7: Patients reporting adverse events leading to discontinuation 
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Figure 5: Hypothetical model of role of central and peripheral components of endocannabinoid system in 
regulation of food intake and peripheral metabolism 

CB, receptors are enriched in regions of the brain and in gastrointestinal system implicated in the regulation of 
food intake, and in adipose tissue. CB, receptor blockade might contribute to decreased food intake and exert 
direct metabolic effects. 

the efFectors of the possible peripheral metabolic action 
of rimonabant. 

A possible explanation for the potential weight- 
independent effect of rimonabant on HDL-cholesterol 
and triglycerides might be related to the observarion that 
rimonabant enhances the mRNA expression of 
adiponectin, an adipokine secreted by fat cells and 
reported to have a role in the regulation of 
hyperglycaemia, hyperinsulinaemia, and fatty acid 
oxidation,""^"^ at the peripheral adipocyte level.* Thus, 
improved fat-cell function may be postulated as a key 
peripheral effect of rimonabant leading to bodyweight 
reduction and improvement in metabolic parameters, 
including lipids and beneficial changes in adiponectin 
and C-reactive protein. Further studies of the in-vivo 
effects of the increased adiponectin production induced 
by rimonabant treatment are needed to elucidate possible 
metabolic effects of rimonabant in adipose tissue. 

Rimonabant treatment was well tolerated during this 
trial, with a similar overall drop-out rate in all treatment 
groups. The most common adverse events experienced 
with rimonabant 20 mg, such as nausea and diarrhoea, 
were found to be mild and generally occurred in the first 
few months of the treatment. Gastrointestinal side- 



effects might be explained by the mechanism of action of 
the drug, since it is known that CB, receptors are present 
in the gut and likely to be involved in gastrointestinal 
motility. Serious adverse events did not seem to occur 
more frequently in the patients treated with rimonabant 
than in tfiose on placebo. Mood disorders were more 
frequent in the rimonabant 20 mg treatment group than 
in the other groups, but the discontinuation rate due to 
this adverse event was similar between rimonabant 20 
mg and placebo in this study. 

The RlO-Europe trial was designed to reflect a real-life 
clinical setting in which we assessed parameters 
indicative of the metabolic syndrome and relevant 
clinical endpoints, such as waist circumference, in 
patients with a range of pre-existing risk factors. The 
1-year results emphasise that blockade of the CB, 
receptor dearly targets several causes of cardiovascular 
risk, including obesity and the metabolic syndrome, 
along with its associated parameters such as waist 
circumference, HDL-cholesterol, and insulin resistance. 
The prevalence of the metabolic syndrome, compared 
with baseline, was reduced by more than half in the ITT 
population and by almost two-thirds in completers. There 
has been an increased awareness of the importance of 
this syndrome and its relation to cardiovascular disease 
in recent years. The large number of patients treated with 
CB^ blockade who achieved the 10% target for weight loss 
or had a marked improvement in the top risk factors 
established by the world-wide INTERHEART study," 
suggests that rimonabant can be considered as a valuable 
adjunct therapy for weight and waist reduction in 
patients at high cardiovascular risk. 

The finding of a significant reduction in the incidence 
of the metabolic syndrome after 1 year of treatment with 
rimonabant 20 mg could have further implications, since 
the metabolic syndrome has been shown to be an 
important predictor of the development of type 2 diabetes 
and coronary heart disease."" However, the long-term 
benefits of weight loss and treatment of the metabolic 
syndrome on the prevention of cardiovascular events and 
mortality have yet to be confirmed by long-term 
outcomes studies. 

In conclusion, the results of the RIO-Europe trial 
indicate that modulating the activity of the 
endocannabinoid system by blocking its CB, receptors 
holds therapeutic promise as an approach to the 
treatment of obesity and associated risk factors. 
Treatment with rimonabant was associated with clinically 
meaningful weight loss and additional improvements in 
waist circumference, lipid concentrations, and insulin 
resistance, and had a favourable safety profile. 
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Since pre-history. Cannabis sativa has been exploited for its potent and 
manifold pharmacological actions. Amongst the most renowned of these 
actions is a tendency to provoke ravenous eating. The characterization of 
the psychoactive principals in cannabis (exogenous cannabinoids) and, 
more recently, the discovery of specific brain cannabinoid receptors and 
their endogenous ligands (endocannabinoids) has stimulated research into 
the physiological roles of endocannabinoid systems. In this review, we 
critically discuss evidence from the literature that describe studies on 
animals and human subjects to support endocannabinoid involvement in 
the control of appetite. We describe the hyperphagic actions of the exogenous 
cannabinoid, ^^-tetrahydrocannabinol, and the endogenous CBl ligands, 
anandamide and 2-arachidonylglycerol, and present evidence to support a 
specific role of endocannabinoid systems in appetitive processes related to 
the incentive and reward properties of food. A case is made for more com- 
prehensive and systematic analyses of cannabinoid actions on eating, in 
the anticipation of improved therapies for disorders of appetite and body 
weight, and a better understanding of the biopsychological processes 
underlying hunger. 



Endocannabinoids: Anandamide: Reward: Appetite regulation 



Introduction 

The past few decades have witnessed a dramatic growth in our knowledge of important central 
and peripheral factors affecting the regulation of appetite. This is particularly the case with 
respect to the neurochemical components of brain systems influencing ingestive behaviours. 
Each advance in pharmacological analysis has brought with it a bevy of new candidate neuro- 
transmitters which have been found to have significant influences on what, or how much, we 
eat (e.g. Cooper & Clifton, 1996; Hoebel, 1997; Hoist, 1999; Schwartz et al 2000). 
Nevertheless, the growth in the number of agents known to affect feeding behaviour has not 



Abbreviations: GABA, 7-aminobutyric acid; THC, tetrahydrocannabinol. 
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been fully matched by a better understanding of the psychological processes subserved by the 
interactions of these substances with their receptors. At a physiological level, the abundance of 
putative chemical 'signals' suggests either that there is considerable redundancy, or the 
existence of interactive systems so complex that real understanding of the role of each compo- 
nent is likely to take many more decades to unravel. 

When considering the pharmacology of appetite, it is the case that most research effort has 
been diverted into the search for biochemical signals that terminate feeding. Such 'satiety sig- 
nals' have been emphasized, in large part, because of the increased prevalence of obesity and 
the profits to be made from treatments that specifically target the physiological processes that 
reduce appetite. Although several neurotransmitter systems have been identified which may 
play a role in the stimulation of eating (e.g. Stratford et al. 1998; Edwards et al 1999), appetite 
research is now largely devoted to the analysis of agents which reduce-food intake. The study 
of the neurochemical processes that give rise to appetite has thus been overshadowed, to the 
detriment of progress in the broader understanding of appetite regulation and, more generally, 
the biological bases of fundamental motivational mechanisms. 

Considering appetite for food, it seems logical to consider that man has evolved to maxi- 
mize every opportunity to eat, in anticipation that times of feast will be followed by periods of 
famine. We have evolved a psychological predisposition to overconsume; responding to food 
variety, being over-sensitive to the high palatability of energy-dense foods, and possessing a 
seemingly limitless capacity to store excess energy in adipose tissue. Moreover, psychological 
factors such as conditioning and expectation seem to be far more influential in determining our 
eating patterns than predominant homeostatic models of energy and body- weight balance might 
argue (Mela & Rogers, 1998). In this context, a plethora of mechanisms designed to limit our 
intake, or to maintain our body weights at some arbitrary 'set point' imply a level of redun- 
dancy that is contrary to biological necessity. Similarly, arguments that widespread obesity 
might arise from some genetic defect seem, on the whole, unfounded. We only have to consider 
the average BMI of individuals in the USA compared with their cousins in the old world to see 
that geography and opportunity have generally been far more influential than genes. 

In modem societies, it is our susceptibility to the sight, taste, or thought of food which 
impels overconsumption and (when matched with easy availability of food and reduced energy 
expenditure) gives rise to overweight and obesity. Therefore, the overshadowing of appetitive 
processes by the overwhelming study of satiety mechanisms is clearly deserving of some 
redress. A gre^ater knowledge of the neurochemical factors underlying the urge to eat, or the 
pleasure derived from eating will have crucial implications for understanding general motiva- 
tional processes, as well as having far-reaching clinical implications. To this end, we now turn 
our discussion to one of the most recently discovered neurochemical families: the endogenous 
cannabinoids! In the following text, we will present data to implicate these substances in the 
normal biopsychological mechanisms which create appetite and stimulate eating. 



Cannabis sativa, exogenous cannabinoids and endocannabinoids 

Cannabis sativa (Indian Hemp, marijuana) has been cultivated for at least 10 000 years, in part 
to obtain fibres for the manufacture of textiles and rope, but to an important extent because of 
the wide variety of pharmacological actions that follow ingestion or inhalation of the leaves or 
resin extracts. These pharmacological actions include ataxia, hypothermia, analgesia, short- 
term memory deficits, a sense of time dilation, enhanced sensation, euphoria and higher-order 
cognitive impairments (Dewey, 1986; HolUster, 1986). These various effects gave rise to the 
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historical medicinal use of cannabis and underlie its contemporary recreational abuse. Recent 
research has added to these, principally psychological actions of cannabis, evidence for a num- 
ber of beneficial effects, including: suppression of cancer cell proliferation, analgesia, allevia- 
tion of glaucoma, antioxidant actions, stabilization of the symptoms of multiple sclerosis (e.g. 
Nahas et aL 1999; Di Marzo et al. 2000; Hampson et al 2000; Pertwee, 2000). Even the seeds 
of Cannabis sativa have been promoted as a useful source of /z-3 and n-6 fatty acids. 

The chemicals within cannabis that produce biological effects in people were not charac- 
terised until 1964, when Gaoni and Mechoulam isolated A^-tetrahydrocannabinol (THC) and a 
group of related organic 'cannabinoid' molecules in hashish (Gaoni & Mechoulam, 1964; 
Mechoulam et al 1970). With subsequent developments in neuropharmacology, scientists were 
able to demonstrate that these cannabinoids exerted their effects via specific sites within the 
central nervous system and peripheral tissues. We now know that there is a family of G-protein 
linked, cell-surface cannabinoid receptors (Devane et aL 1988; Matsuda et al 1990; Munro et 
al 1993). Two main cannabinoid receptors subtypes have been identified and their genes 
cloned (Onaivi et aL 1996), These are classified as a 'central-type' CBl, widely distributed 
within the central nervous system and many peripheral tissues, and a 'peripheral-type' CB2 
receptor, which is not significantly expressed in the central nervous system (Breivogel & 
Childers, 1998). It is generally agreed that the behavioural effects of cannabinoids are mediated 
by brain (CBl) cannabinoid receptors and, despite their wide distribution, the regional localiza- 
tion of receptors corresponds closely with their behavioural effects (Herkenham et aL 1990; 
Breivogel fl/. 1997). 

The existence of specific receptor sites mediating the effects of plant-derived exogenous 
cannabinoids suggested the existence of a chemical produced within mammalian tissues, for 
which the cannabinoid receptors are the target; endogenous ligands which compounds like THC 
mimic to produce their various effects. After several decades of unsuccessful searching, the 
1990s saw the isolation and complete characterisation of the first 'endocannabinoid' (Devane et 
aL 1992). This compound, arachidonylethanolamide, which is synthesised within brain tissue 
and binds with high affinity to CBl receptors, was named anandamide, from 'ananda', a 
Sanskrit word meaning inner bliss. Subsequently, the search for additional endogenous ligands 
selective for the CB2 cannabinoid receptor led to the identification of 2-arachidonoylglycerol 
(Mechoulam et aL 1995; Stella et aL 1997). Although it exhibits a lower affinity for CB 1 recep- 
tors than anandamide, evidence suggests that it is present in the brain at higher levels than 
anandamide and is a full agonist at CBl receptors (Stella et aL 1997). Both of these substances 
fulfil the necessary criteria for classification as neuromodulators: they are synthesised from 
arachidonic acid through distinct biosynthetic routes; are released from neurons in response to 
membrane depolarization, have specific uptake mechanisms and are hydrolysed by a selective 
enzyme, fatty acid amide hydrolase (Di Marzo & Deutsch, 1998; Piomelli et aL 1998; Reggio, 
1999). Cannabinoids are also closely related to the arachidonic acid-derived eicosanoids, and 
may have overlapping physiological functions (Burstein et aL 1995; Fimiani et aL 1999). A 
number of other candidate endocannabinoids have since been characterised, but anandamide 
and 2-arachidonoylglycerol are considered to be the primary ligands at CBl and CB2 receptors, 
with both substances capable of exerting THC-like effects in animal behavioural models (for 
reviews, see Pertwee, 1995; DiMarzo & Deutsch, 1998; Di Marzo et aL 1998). Importantly, 
amphibian, rodent and human CBl receptors show a high degree of homology. Together with 
the occurrence of the endocannabinoids in a number of phylogenetically diverse species, a high 
degree of evolutionary conservation of cannabinoid signalling systems indicates that they 
should play an important physiological role in vertebrate brain function (De Petrocellis et aL 
1999; Soderstrom etaL 2000). 
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Cannabinoids and appetite 

The discovery of the endocannabinoids leads to the obvious question: what is their normal 
physiological function? As noted earlier, administration of cannabinoids induces a wide spec- 
trum of behavioural and physiological changes. It is likely that these effects, produced by stim- 
ulation of cannabinoid receptors, reflect the normal roles of endocannabinoid systems. 

Marijuana use in man has long been associated with an increase in appetite, with refer- 
ences to appetite stimulant properties recorded as early as ad 300 (Abel, 1975). Modem 
cannabis users are also very familiar with the drug's capacity to provoke eating and overcon- 
sumption, a predictable phenomenon known colloquially as *the munchies'. Ho\yever, despite 
the verity of hyperphagia as represented in pharmacopoeia over many centuries and in modem 
anecdote, there is a real paucity of detailed scientific analysis of the phenomenon. The initial 
discovery of the exogenous cannabinoids led to some fairly cursory examination of their thera- 
peutic applications in the alleviation of appetite loss associated with disease states (Abel, 1971; 
Greenberg et ai 1976; Foltin et al. 1986, 1988). However, there has still been no comprehen- 
sive, systematic characterisation of cannabinoid effects on feeding in human subjects. 
Similarly, the animal literature data is very insubstantial compared with that for other drugs or 
neurotransmitters that affect eating. Disappointingly, there have been few consistent findings 
and very little research in the past 20 years. Clinical development of cannabinoid treatments, 
and the development of theoretical models of their actions on appetite, calls for a concerted 
research effort to replace our dependence on anecdotal accounts. 

Contemporary progress in cannabinoid pharmacology means that we now have the proper 
tools to examine endocannabinoid involvement in appetite regulation, and the first real oppor- 
tunity to develop effective cannabinoid therapies for disorders of appetite or body weight. In 
the following text, we will give an overview of the current state of knowledge concerning 
cannabinoids and feeding and present our own theoretical account of the role of endocannabi- 
noids in appetite. 



Exogenous cannabinoids and human appetite 

As we pointed out earlier, hyperphagia following cannabis intoxication is a widely accepted 
phenomenon, but one which was for many years supported only by anecdotal reports (Haines & 
Green, 1970; Tart, 1970; Halikas et al 1971). The first scientific studies we have found took 
place in the 1970s, but since then only a handful of reports have entered the literature. 

In 1971, HoUister examined the effects of oral A^-THC (0-5 mg/kg) in fasted subjects, 
offered chocolate milk shakes at 30 min intervals over 2 h (HoUister, 1971). The drug signifi- 
cantly increased intake at each time point, with no evidence of the gradual fall in consumption 
seen after placebo. These changes were accompanied by consistently higher hunger ratings and 
greater appreciation of food as judged by appetite questionnaires. Similar effects on intake were 
obtained in a second experiment with unfasted subjects, although changes in hunger and appetite 
scores were more variable. Abel (1971) reported that inhalation of two cannabis cigarettes (of 
unknown potency) caused subjects to eat as many as fifty marshmallows, compared with only 
four by control subjects (the actual time over which the eating took place is not reported). As we 
shall see later, apparently selective effects of cannabinoids on palatable, and particularly sweet, 
ingesta have been very influential in later theoretical accounts of the role of endocannabinoids in 
feeding. But it should be noted that in the Abel (1971) experiment, there was no choice of foods, 
and the selection of a sweet confection as a test food was entirely serendipitous. 
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In the first systematic study of cannabinoid effects on feeding, Greenberg et al. (1976) 
examined long-term body-weight changes, dietary selection and energy intake in marijuana 
smokers tested under research ward conditions over the course of 1 month. In contrast to previ- 
ous studies, dosage was well-defined, with subjects receiving marijuana cigarettes containing 
approximately 20 % A^-THC. However, subjects were allowed to smoke freely, with the num- 
ber of marijuana cigarettes smoked per d gradually increasing over the course of the experi- 
ment. In subjects who were experienced marijuana users, daily energy intake rose from a 
pre-drug level of 3200 (se 200) kcal (13-39 (se 0-84) MJ), to peak in the first few days of treat- 
ment at 3900 (SE 300) kcal (16-32 (se 1-26) MJ), before declining to an average of 3300 (se 
200) kcal/d (13-81 (se 0-84) MJ/d), Overeating was matched by a persistent body- weight 
increase, averaging 2-3 kg across the entire 21 d drug phase. In fact, body weight continued to 
rise despite the stabilization of energy intake. During a 5 d post-drug phase, both body weight 
and energy intake decreased dramatically. Subjects lost an average of 1.8 kg as daily energy 
intake fell by as much as 1000 kcal (4- 18 MJ). Unfortunately, no data was provided on the spe- 
cific changes in eating patterns or food selection associated with these changes. 

The next real advance came from studies by Foltin and colleagues in the 1980s (Foltin et 
al. 1986, 1988). In their 1986 study, subjects were tested in a relatively naturalistic, residential 
laboratory for periods of up to 25 d. Each test day comprised three phases: a private work 
period, a performance task and a period of social access. Active or placebo marijuana ciga- 
rettes (containing 1-84 or 0 % A^-THC respectively) were smoked before private work periods 
and during social access. Average daily intake increased from 2780 (se 130) kcal (11-63 (SE 
0-54) MJ) under placebo conditions to 3340 (se 160) kcal (13-97 (se 0-67) MJ) with the active 
marijuana treatment. Interestingly, the overconsumption primarily occurred during periods of 
social access, with subjects consuming an average of 2500 kcal (10-46 MJ) compared with 
1000 kcal (4- 18 MJ) under placebo conditions. Notably, this excess was obtained by an 
increase in the frequency and consumption of 'snack foods', rather than of the set meals pro- 
vided each day. 

In a subsequent experiment Foltin specifically tested the effects of smoked marijuana (1-3 
or 2.3 % A^-THC) on the intake of different foods (Foltin et al 1988). Subjects were provided 
with a wide variety of different food items which they could eat at will. Marijuana increased 
total food intake by doubling the number of snacks. The main increase in energy intake was 
largely attributed to an increase in the intake of sweet soHd snack items such as candy bars, 
cookies and cakes. The intake of sweet drinks (e.g. cola, fhiit juice), or savoury solid items (e.g. 
potato chips) were less susceptible. Overall, the distribution of energy from carbohydrate, fat 
and protein did not differ between drug and placebo conditions. 

Similar effects of A^-THC on food selection were also reported by Mattes et al. (1994), 
who compared the relative hyperphagic potency of A^-THC administered via acute oral admin- 
istration, smoke inhalation or suppository. Relatively small increases in energy intake were 
derived principally from increased snack consumption, rather than self-selected meals. 



Clinical applications of exogenous cannabinoids 

While cannabinoid-induced appetite stimulation (or, more strictly, increased food intake) has 
been demonstrated under laboratory conditions, the few studies performed leave many ques- 
tions unanswered. More controlled studies are clearly required to determine just how the moti- 
vation to eat is affected by cannabinoids, and to establish whether overconsumption is a general 
phenomenon or is specifically tied to particular taste modalities or specific foods. An additional 
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component of action of A^-THC is that it exerts an antiemetic effect (Gralla, 1999) which may, 
or may not, be related to the drug's stimulation of appetite. Moreover, this action is not limited 
to A^-THC. For example, Abrahamov et al (1995) reported that A^-THC, an analogue of A^- 
THC with fewer psychotropic actions, was found to abolish vomiting in child patients simulta- 
neously treated with anti-cancer drugs. Such findings indicate that broader analysis of the 
effects of the different cannabinoids are warranted to establish their behavioural specificity, 
with the possibility of developing therapeutic applications which lack some of the undesired 
psychological side effects of A^-THC. 

Despite the limitations of the human studies discussed earlier, it is clear that A^-THC has 
potential to induce substantial elevation of food intake and promote body-weight gain, with the 
possible additional benefit of limiting the nausea and vomiting associated with many 
chemotherapy regimens. It is therefore unsurprising that clinicians were keen to assess the util- 
ity of cannabinoid treatments in relation to clinical syndromes involving appetite or weight 
loss. A few, somewhat limited, studies have been conducted with A^-THC to examine the 
drug's capacity to ameliorate low appetite and wasting in clinical populations with cancer 
cachexia or HIV (Cat & Coleman, 1994; Gorter, 1999). One of the earliest trials, by Regelson 
et al. (1976), found that oral A^-THC doses of up to 15 mg/d stimulated appetite and produced 
significant weight gain in advanced cancer patients. In a single-case report. Sacks et al (1990) 
examined the effect of A^-THC on food intake during a highly emetigenic chemotherapy regi- 
men. Treatment with A^-THC alone (5 mg, three times per d) had little effect on intake, but 
greatly attenuated the severe reduction in daily energy intake produced by chemotherapy 
(intake + A^-THC 1453 kcal (6 08 MJ); without A^-THC 764 kcal (3-32 MJ)). In contrast to the 
findings of Foltin and Mattes (Foltin et al. 1986, 1988; Mattes et al 1994), this difference was 
attributed largely to an increase in energy derived from fat. No meaningful changes in appetite 
ratings were noted. 

Plasse et a/. (1991) reported the effects of chronic A^-THC treatment in patients with HIV- 
wasting syndrome. The drug was given at total daily doses of 5-20 mg for as long as 20 weeks 
(administered orally at 2-5 mg twice per d, or 5 mg four times per d). A^-THC not only reduced 
nausea, but increased both appetite and mood ratings. Of the patients who responded to the 
treatment, the majority gained weight, while those that continued to lose weight did so at a 
slower rate than previously. Drug treatment was accompanied by a weight gain of up to 
5-8 kg/month (median 0-54 kg/month), compared with a median weight loss of 0-93 kg/month 
in the 3 months before treatment. 

In a randomized double-blind study of five AIDS patients, Struwe et al (1993) tested the 
effects of 5 mg A^-THC, given twice per d before meals. Small increases in appetite scores, 
energy intake and body weight were accompanied by significant increases in body fat. In addi- 
tion, the patients showed a marked improvement in symptom distress scores and mood. These 
latter effects raise a further issue which must be addressed experimentally: the extent to which 
changes in appetite in wasting patients are the result of specific cannabinoid actions on appetite, 
or to more generalized changes in their sense of well-being. 

In a more comprehensive, multi-centre survey, Beal et al. (1995) evaluated the long-term 
effects of A^-THC or placebo in eighty-eight patients with AIDS-related appetite and weight 
loss. Dronabinol (2-5 mg, twice per d before lunch and supper) was administered over 42 d. 
Patients who had previously suffered progressive weight loss experienced either stabilization of 
their body weight or a modest weight gain. In patients who were unaffected by concurrent ill- 
ness, body weight increased by as much as M kg. Accompanying these changes were substan- 
tial increases (38 %) in appetite ratings across the whole course of treatment. Self-ratings of 
mood and nausea were also improved. Interestingly, improvements in mood preceded the 
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changes in appetite and nausea ratings, again indicating the need for more thorough assessment 
of the wider psychological and behavioural effects of these treatments. 

On the basis of studies such as these, the commercial preparations of A^-THC (dronabinol; 
trade name, Marinol) or a synthetic analogue (Cesamet) have been licensed for clinical use in 
the treatment of chemotherapy-induced nausea and the treatment of AIDS-associated anorexia 
and weight loss. It is likely that the number of therapeutic applications could be extended as 
beneficial effects are reported in other clinical areas. For example, it was recently reported that 
daily dronabinol treatment in dementia patients, whose symptoms included refusal to eat, pro- 
duced significant weight gain (but not, paradoxically, significant increases in energy intake; 
Volicer, 1997). 

However, we are still faced with a marked absence of substantial data for the efficacy of 
cannabinoids in reversing disease- or chemotherapy-related changes to appetite or body- weight 
status. It seems clear to us that medicinal application of these drugs could be optimized through 
a better understanding of their actions on the psychological and behavioural components of 
appetite. Especially important is the need for data on the extent to which the different actions of 
the drugs (antiemetic, appetite stimulation, mood enhancement) account for the beneficial 
effects; or indeed whether those effects are separable. With recent advances in cannabinoid 
pharmacology it is now possible to overcome some of the limitations of human studies by a 
detailed examination of cannabinoid interventions in animal models. As we detail later, new 
findings using such models are beginning to pinpoint the precise mechanisms underlying 
cannabinoid-induced hyperphagia. 



Cannabinoid effects in animal models 

Much like the literature on human subjects, the database on cannabinoids and feeding in 
animals is rather insubstantial. A brief spate of studies followed the isolation of the exogenous 
cannabinoids and the availability of A^-THC, but from the late 1970s until the discovery of 
anandamide this was a neglected area of investigation. More importantly, the advantages of 
animal (predominantly rat) models in allowing manipulation of dose and test conditions were 
overlooked, and only the most cursory analyses of the behavioural actions of exogenous 
cannabinoids on feeding were carried out. Less than optimal experimental designs also resulted 
in the majority of studies either failing to find any effect on eating, or actually inducing anorec- 
tic effects through the use of high, narcotic doses (e.g. Sofia & Barry, 1974; Graceffo & 
Robinson, 1998). Abel (1975), reviewing the earliest animal experiments with cannabis extracts 
or A^-THC, found that out of a total of twenty-five experiments published between 1965 and 
1975, only three reported increased intake. 

One of the first studies to demonstrate hyperphagia in rats was performed by Click & 
Milloy (1972), They reported that an intraperitoneal dose of 10 mg A^-THC/kg produced a 
modest increase in food intake (less than 2 g over 2 h). Unfortunately, their study was compro- 
mised through the imposition of 24 h food and water deprivation prior to testing. Under such 
circumstances, which represent an extreme and rather unnatural physiological challenge, it is 
difficult for animals to express hyperphagia above the voracious eating already induced by star- 
vation. 

Using more naturalistic methods, Brown et al (1977) found that lower, orally administered 

doses of A^-THC (0-25 or 0-4 mg/kg) significantly increased intake of both food and a palatable 
0-8 M-sucrose solution. However, these increases were again very modest: food intake was 
increased by less than 1 g in a 1 h test; sucrose solution consumption was raised by approximately 
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7 ml. Like Abel's (1971) 'marshmallow effect' in people, this apparently greater effect on sweet 
ingesta has subsequently been cited as evidence of a preferential action of cannabinoids on palat- 
able food intake. However, we should reiterate the fact that the increases reported by Brown et 
al. (1977) were relatively minor compared with effects that may be obtained in human subjects. 
Moreover, apparently selective drug effects on particular foods or flavours may reflect existing 
preferences rather than a particular mode of action. Indeed, it has been shown that apparently 
selective effects of drugs on macronutrient intake actually derive from an individual animal's 
preference for particular foods at the time the drug takes effect (Gosnell et aL 1990). 

Finally, we should note that not all research has been restricted to the laboratory rat. For 
example, McLaughlin et al (1979) found that intravenous injection of 0-5 and 10 mg/kg A^- 
THC produced hyperphagia in sheep. Foreshadowing the later discovery of cannabinoid recep- 
tors, these workers also found that the effect was stereospecific: only the L-, and not the 
D-isomer, of A^-THC induced eating (McLaughlin et aL 1979). 

In the absence of thorough behavioural analyses of A^-THC effects on feeding in rats, we 
undertook a comprehensive series of tests to better characterize the drug's actions. We initially 
adopted a pre-feed paradigm in which the rats were thoroughly sated by the provision of a 
palatable wet mash meal before drug administration. This procedure ensures low baseline 
intakes and so maximizes our ability to detect hyperphagia. We also conducted our tests during 
the dark period of a daily 12 h light-dark cycle, as rats are predominantly nocturnal feeders. 
After oral A^-THC administration, the animals were given unrestricted access to their normal 
maintenance diet (more usually referred to as 'lab chow' (g/kg): protein 163, fat 29, carbohy- 
drate 460). As can be seen in Fig. 1, a wide range of doses stimulated eating (Williams et al 
1998). Furthermore, the maximum effect of the drug was far greater than any previously 
reported. A 10 mg/kg dose produced a greater than 4- fold increase in consumption over 1 h. 
After administration of the highest dose, non-specific behavioural effects of the drug were evi- 
dent, such as impaired motor coordination and sedation. Above this dose, the acute, motoric 
and sedative side effects are such that animals are incapable of overeating. 
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Fig. 1. Orally administered ^^-tetrahydrocannabinol (THC) exerts a dose-dependent hyperphagia action in 
pre-satiated rats (rats consumed approximately 30 g palatable wet mash during 2 h before drug administra- 
tion). The eating produced by this exogenous cannabinoid can be attenuated by pre-treatment with the 
selective CB1 receptor antagonist, SR141716 (Williams etai 1998). Values are means with standard errors 
shown by vertical bars. Mean values were significantly different from vehicle condition: **P < 0 01, ***P < 
0001. 
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Subsequent experiments confirmed that these hyperphagic effects of A^-THC were medi- 
ated by central CBl cannabinoid receptors. Specifically, we found that hyperphagia was signifi- 
cantly attenuated by SR141716, a selective CBl receptor antagonist, but not by SR144258, a 
selective antagonist of the peripheral type, CB2 receptor (CM Williams and TC Kirkham, 
unpublished results). 

One aspect of these data that deserves particular emphasis is the magnitude of the overcon- 
sumption that was induced by A^-THC. Our pre-fed animals were thoroughly satiated, having 
already eaten an amount of wet mash equivalent to their normal daily food intake (> 20 g). The 
substantial intake that followed A^-THC treatment thus signifies that stimulation of CB 1 recep- 
tors can provoke an exceptionally powerful stimulus to eat. Moreover, the extent of A^-THC- 
induced overeating was similar, if not in fact greater than, that induced by central 
administration of the neurotransmitter neuropeptide Y (for example, see Clark et al, 1984), 
widely regarded as being a key component of the brain mechanisms that promote ingestive 
behaviour. The remarkable potency of A^-THC, and the attenuation of its hyperphagic effects 
by CBl blockade, thus provides a very convincing case for involvement of the endocannabi- 
noid systems in the normal regulation of feeding. 

An important aspect of modelling cannabinoid effects in animals is the examination of 
chronic effects of the drug. If we are to obtain an adequate understanding of the behavioural 
changes that might affect clinical applications of the cannabinoids, long-term studies are essen- 
tial. Again, the literature on chronic A^-THC administration generally relates to the use of rela- 
tively high doses of the drug, and the most consistent report is of anorectic consequences, A 
typical finding is that food intake is persistently suppressed with a consequent reduction in 
body weight (Manning et al 1971; Sjoden et al 1973; Sofia & Barry, 1974). These effects are 
probably due to the narcotic properties of the doses employed (Drewnowski & Grinker, 1978), 
Chronic cannabinoid treatment thus remains an important, and currently neglected, area of 
study. In our own pilot experiments, mimicking typical clinical treatment regimens, we have 
found that while A^-THC will produce acute increases of food intake rats tend to display 
rebound hypophagia, compensating for their initial overconsumption. Consequendy, over 24 h, 
total intake may be suppressed relative to controls. When measured over several days, the net 
consequence of daily (single or multiple) A^-THC doses is to actually retard the normal weight 
gain in rats fed ad libitum. Further experiments are thus required to determine the optimum 
level and frequency of dosing to obtain persistent elevation of intake and body weight. 

While the potent CBl -mediated hyperphagic effects of A^-THC provide strong evidence of 
endocannabinoid involvement in appetite, this possibility necessitates the demonstration that 
the endogenous cannabinoids, themselves, will also exert hyperphagic actions. The contempo- 
rary literature provided no support for this possibility, with the only previous test of anan- 
damide effects on eating being unsuccessful (Crawley et al. 1993). We nevertheless conducted 
our own investigation, using the same pre-feed design as had been so effective for THC. In our 
tests, anandamide was indeed found to significantly increase chow intake in pre-fed rats 
(Williams & Kirkham, 1999a), over a range of peripherally administered doses (Fig. 2). 
Although the degree of overeating was quite modest compared with the effects of A^-THC, the 
most effective dose (1 mg/kg) produced a doubling of intake over a 3 h test. Moreover, anan- 
damide hyperphagia was entirely prevented by pre-treatment with SR141716, while the CB2 
antagonist SRI 44258 was without effect (Fig. 3), indicating that the overeating was specifically 
mediated by central CBl receptors. 

More intriguingly, anandamide effects were apparent over a much longer time course than 
those of A^-THC. Whether this reflects continued bioavailability of the exogenously adminis- 
tered endocannabinoid (which is very susceptible to enzymic degradation once within neurons). 
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Fig. 2. Subcutaneous injection of the endogenous cannablnold, anandamide, produces significant overeat- 
ing in pre-fed rats. The degree of hyperphagia is modest compared with the effects of A^-tetrahydrocannabi^ 
no!, but has a much longer duration (Williams & Kirkham, 1999). Values are means with standard enters 
shown by vertical bars. Mean values were significantly different from vehicle condition: *P < 0-05, *** P < 
0001. 
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Fig. 3. Hyperphagia in anandamide-treated, pre-fed rats (■) is prevented by pretreatment with the selective 
CB1 antagonist, SR1 41716 (H), indicating that the effects are mediated by central cannabinoid receptors. 
The grey bars display weak effects of SRI 41 71 6 when administered alone. Values are means with standard 
errors shown by vertical bars. Mean value was significantly greater after subcutaneous anandamide (1 -0 
mg/kg): tt ^ < 0-01 . Mean values showed significant attenuation of anandamide hyperphagia: **P < 0-01 , *** 
P< 0-001. 

or involves the initiation of a cascade of physiological events remains to be determined. 
However, what was striking was that the largest effects occurred at times when, under control 
conditions, animals were most likely to engage in substantial feeding. Thus, early in the test 
when the satiating effect of the pre-feed was apparent as an almost complete suppression of 
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feeding, anandamide produced only very weak effects. Only when the inhibitory effects of the 
pre-feed began to wane did the stimulatory actions of the endocannabinoid become easily 
apparent. We are tempted to speculate that our data represent an amplification, or potentiation, 
of endocannabinoid activity associated with the normal, episodic pattern of meal-t£iking in rats. 

Importantly, anandamide-induced feeding has also been replicated in mice by Hao et ai 
(2000) with a very low dose of the cannabinoid (0 001 mg/kg, intraperitoneally). In addition, as 
a corollary to these agonist data, we should also note that repeated, daily administration of the 
CBl antagonist, SR141716, has been shown to suppress appetite and induce persistent weight 
loss in rats (Colombo et al. 1998). Although tolerance to the drug's effect on appetite was 
apparent after 5 d, the resultant suppression of body-weight gain was evident across the full 
course of a 14 d experiment. These combined agonist and antagonist data thus provide the first 
clear indications that endogenous cannabinoid systems may play a normal, role in the physio- 
logical regulation of appetite. 



Behavioural characterization of cannabinoid hyperphagia: the reward hypothesis 

The preceding findings do provide evidence for some role of endocannabinoids in appetite reg- 
ulation. However, increases in food intake alone tell us little about what aspect, or aspects, of 
the motivation to eat are actually altered to affect behavioural change. Indeed, given the wide 
pharmacological spectrum of cannabinoids, it is essential to demonstrate that hyperphagia fol- 
lows from a natural adjustment to feeding motivation, and not through some non-specific action 
(we will return to this issue later). Certainly, the very limited insights provided by the early 
cannabinoid research demand far more detailed analyses of behavioural modifications induced 
by CBl ligands before detailed hypotheses can be formed. 

Despite the lack of precise information about cannabinoid actions, one hypothesis has 
gained particular influence. As we noted earlier, early reports from some studies with animals 
and human subjects were suggestive of a more marked susceptibility of palatable foods to the 
stimulant effects of A^-THC. While those data are not wholly convincing (and may be artifac- 
tual), they have given rise to the notion that cannabinoids may provoke overconsumption by 
amplifying the orosensory reward, or palatability, of foods (Amone et al. 1997). 

A common feature of drugs of abuse is their activation of the brain pathways which nor- 
mally subserve the appetitive and consummatory aspects of natural rewards, such as food and 
sex. There is convincing evidence to suggest that the exogenous cannabinoids can also influ- 
ence these brain reward systems (for review, see Gardner & Vorel, 1998). Reward circuitry can 
be also be activated by electrical stimulation of the brain: animals will actually perform com- 
plex instrumental tasks to obtain such stimulation. Moreover, with appropriate environmental 
stimuli, electrical brain stimulation can also induce and sustain those behaviours, such as eat- 
ing, which normally produce reward. It is significant then that Trojniar & Wise (1991) were 
able to show that A^-THC will facilitate feeding induced by electrical stimulation of the lateral 
hypothalamus (a brain region long associated with feeding and reward processes). These effects 
imply that A^-THC amplifies the rewarding properties of food with a consequent increase in the 
motivation to eat. 

Endocannabinoids are also implicated in food reward by the behavioural effects of CBl 
blockade. Amone and colleagues reported that in rats and marmosets SR 1417 16 selectively 
attenuated the consumption of palatable ingesta (Amone et al 1997; Simiand et al 1998), 
while having little or no effect on bland food intake (of the kind normally provided to labora- 
tory animals for their general maintenance). These workers suggested that such preferential 
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effects of CBl blockade indicate important tonic endocannabinoid activity underlying food 
reward. Thus, cannabinoid agonists could increase food intake by rendering foods more palat- 
able, while antagonists might tend to diminish the hedonic value of foods, and so reduce con- 
sumption. 

With these data in mind, we began a series of studies to directly address the cannabinoid- 
reward hypothesis and, more generally, to obtain more thorough details of cannabinoid effects 
on feeding behaviour. As a starting point, we began by measuring the effects of SR141716 on 
sucrose sham-feeding. In this model, rats are surgically implanted with a chronic gastric fistula 
(a scalable cannula through which gastric contents may be drained). The animals ingest palat- 
able sucrose solutions, which are recovered within seconds directly from the stomach. Under 
these circumstances, normal satiation mechanisms are minimized and ingestion is motivated 
> exclusively by food palatability (Weingarten & Watson, 1982). In the absence of normal satiety, 
sham-feeding rats will consume many times the amount of sucrose solution ingested by intact, 
normally-feeding rats. Moreover, the rate of sham-feeding is proportional to the palatability of 
the sucrose: the sweeter the solution, the more avid the ingestive response. Consequently, the 
model is particularly sensitive to manipulations that affect orosensory reward. 

We hypothesized that, if endogenous cannabinoids directly mediate food reward, sham- 
feeding should be disrupted by CBl blockade. More specifically, we anticipated that suppres- 
sion of sham-feeding by SR141716 would produce changes in behaviour which resemble the 
effect of diluting the sucrose solution (Kirkham & Cooper, 1988; Kirkham, 1990). A precedent 
for such an effect comes from our previous work with opioid antagonists. Opioids are heavily 
implicated in orosensory reward (see later), in part through the demonstration that opioid recep- 
tor antagonists reduce sucrose sham-feeding in a manner which exactly mimics the changes in 
ingestion produced by sucrose dilution, and hence the palatability, of the sucrose. In addition, 
attenuation of sham-feeding by opioid antagonists can be reversed by increasing the palatability 
of the sucrose during a sham-feeding test (Kirkham & Cooper, 1988; Kirkham, 1990; Leventhal 
etal. 1995). 

Contrary to our expectations, SR141716 failed to affect sucrose sham-feeding at all 
(Kirkham & Williams, 1998). Even doses ten times greater than those that reverse A^-THC- or 
anandamide-induced feeding (Williams & Kirkham, 1999a; CM Williams, PJ Rogers and TC 
Kirkham, unpublished results), or reportedly suppress sucrose drinking in intact animals 
(Arnone et al. 1997) were ineffective. The failure of SR141716 to attenuate sham-feeding 
argues strongly against significant endogenous cannabinoid activity within the pathways which 
maintain sucrose ingestion. In other words, endocannabinoids do not seem to be primarily 
involved in food reward during ingestion, and are not crucial to the pleasure derived from 
orosensory characteristics of food. 

However, while our sham-feeding data do not support endocannabinoid mediation of the 
consummatory aspects of food reward, our data do not entirely preclude their involvement in 
some other aspect of feeding-related reward processes. It is possible, for example, that endo- 
cannabinoids are associated with appetitive, or incentive, aspects of feeding motivation, related 
to the anticipation of food or the desire to eat. 

Going beyond the feeding literature to studies of endocannabinoid involvement in alcohol 
craving, we can find convincing evidence that cannabinoid interventions do indeed modify 
appetitive-incentive processes. McGregor and his colleagues have reported several experiments 
using an operant, lick-based, progressive ratio paradigm as a model of craving. Rats are 
required to complete a progressively greater number of responses (licks at a spout) to obtain 
successive reinforcements of small volumes (01 ml) of some liquid (typically alcohol or 
sucrose solutions). The reinforcement ratio at which animals cease to respond (the 'break- 
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point') is taken as an index of the degree of craving. Gallate & McGregor (1999) found that the 
CBl antagonist SR141716 produced a dose-related reduction in break-point to obtain beer rein- 
forcers. By contrast, they found that a CBl agonist, CP 55940, would increase break-points in 
rats licking for beer or sucrose solutions; i.e. rats would work harder to obtain reinforcement 
(Gallate et al 1999). These effects, which were also reversed by SR141716, strongly implicate 
endocannabinoid systems in the processes underlying the motivation to obtain palatable 
ingesta. 

Returning to feeding, we have also obtained data-to support endocannabinoid involvement 
in incentive motivation. Using an open-field apparatus, we observed the behaviour of satiated 
rats following administration of A^-THC and anandamide. Under control conditions rats gener- 
ally displayed litde motivation to eat. When eating did occur, it did so only after many minutes 
engaged in exploratory behaviours (Fig. 4). By contrast, both exogenous and endogenous, 
cannabinoid treatments stimulated feeding, dramatically reducing the latency to eat. Crucially, 
once initiated, the subsequent pattern of feeding behaviour displayed by A^-THC- and 
anandamide-treated rats in the open field is identical to that of untreated rats feeding freely in 
their home cages (Williams & Kirkham, 19996; CM Williams, unpublished results). At this 
stage of our investigations, we cannot entirely preclude non-specific actions of the can- 
nabinoids which might account for these latency effects (for example, an anxiolytic action 
which could suppress exploratory activity in favour of eating). However, in no case was there 
any evidence of unnatural activities (such as stereotypy) that might otherwise account for the 
increased feeding. With these cautions in mind, we feel that these data are compatible with an 
action of cannabinoids to increase the incentive value of the food and advance the species- 
typical sequence of feeding behaviours. 
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Fig. 4. These charts represent the occurrence of eating episodes in groups of pre-satiated rats, observed 
either in their home cage after saline injection, or In an open field arena following administration of hyper- 
phagic doses of AMetrahydrocannabinol (THC), anandamide or vehicle. For each condition, behavioural 
traces are presented for six rats, allowing comparison of feeding behaviour after vehicle and each drug 
dose. In a relatively novel open field, vehicle-treated rats show little motivation to eat. However, both A^-THC 
and anandamide actively promote eating: reducing the latency to begin eating and inducing a pattem of 
feeding which is very similar to that seen in the untreated rats under home cage conditions. 
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We have also observed these effects using a more naturalistic, continuous meal pattern 
monitoring technique, where moment-to-moment feeding is monitored in the animals' home 
cages (for review of meal pattern methodology, see Clifton, 2000). Under these circumstances, 
the latency to the first meal of pre-satiated or free-feeding rats is consistently reduced after 
endocannabinoid administration; often by more than 1 h compared with the control values. 

Interestingly, a similar action of A^-THC on eating latency was reported by Trojniar & 
Wise (1991) in their experiments on eating induced by electrical stimulation of the lateral hypo- 
thalamus. Together with the Gallate et al (1999) break-point data, such findings imply that 
stimulation of CBl receptors increases the salience of food and hence the motivation to eat. We 
thus begin to see the development of a model which links endocannabinoids directly to the 
processes that lead to the initiation of feeding. Recalling the lack of effect of cannabinoid 
receptor blockade on the intrameal palatability factors which maintain sham-feeding, these data 
tend to support a specific endocannabinoid involvement in the inter-meal motivational 
processes that culminate in meal taking. 

Further support for this notion comes from our pilot experiments examining- interactions 
between food deprivation and the anorectic potency of SR141716 on the intake of bland labora- 
tory chow (TC Kirkham and CM Williams, unpublished results). The antagonist was adminis- 
tered to rats which had been food deprived for 18 h or maintained on a schedule of restricted 
access to food. We found that whereas rats fed ad libitum were unaffected by the drug, restrict- 
ing food availability resulted in significant intake suppression by SR141716. These preliminary 
results suggest that deprivation induces, or enhances, endocannabinoid activity. As SR141716 
acts as a competitive antagonist at CBl receptors, the behavioural effects of CBl blockade will 
only become apparent if there is endogenous cannabinoid release and receptor stimulation. The 
greater the level of cannabinoid activity, the greater will be the behavioural consequences of 
SR1417 16 treatment. 

In effect, the stimulatory actions of the cannabinoids on eating resemble the physiological 
changes which occur with food deprivation, since both manipulations reduce eating latency and 
promote short-term increases in meal size (Bivens et al. 1998). Unfortunately, this aspect of our 
story is complicated by a report that SR141716 fails to affect operant responding for food pel- 
lets in food-restricted rats (Rodriguez de Fonseca et al 1999); precisely the circumstances 
where antagonist-induced reduction of responding might be expected. There is clearly much 
more work to be done to resolve these issues, but it is interesting that Hao et al. (2000) have 
recently reported that doses of anandamide that can provoke overeating in mice also reverse 
some of the changes in brain neurotransmitter turnover that are induced by food restriction. 

Nevertheless, on the basis of our data, we might propose that endogenous cannabinoid 
activity gradually increases during intermeal intervals to reach some critical level when motiva- 
tion to eat is triggered. Accordingly, the longer the time that has elapsed since the last meal, the 
greater will be the activity in relevant endocannabinoid circuits, and the higher the motivation 
to eat. We might also assume that there are natural rhythms in such activity which are cor- 
related with normal patterns of meal taking, so that the optimal demonstration of CBl agonist 
or antagonist effects on feeding will be obtained by carefully synchronizing drug administration 
with these endogenous cycles. 



Interactions between cannabinoids and brain reward systems 



The notion that endocannabinoids are involved in appetitive aspects of feeding is compatible 
with the known effects of A^-THC on brain reward pathways. Central to these pathways are the 
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mesolimbic dopaminergic neurons, arising in the ventral tegmental area and projecting to the 
nucleus accumbens (Spanagel & Weiss, 1999). Natural rewards, including food, together with 
many drugs of abuse, have been found to stimulate dopamine release from terminals in the 
nucleus accumbens. Researchers now emphasize a specific role for these pathways in incentive 
motivation, i.e. the generation of emotional arousal and behavioural activation in response to 
stimuli, which predict reward (Ikemoto & Panksepp, 1999; Spanagel & Weiss, 1999; Berridge, 
2000). 

Ingestion of food causes dopamine release in the nucleus accumbens, especially after 
deprivation, or if the food is novel or palatable. In addition, food restriction is known to 
enhance the rewarding properties of food and of drugs of abuse (Berridge, 1991; Cabeza de 
Vaca & Carr, 1998). It is perhaps not coincidental, then, that doses of A^-THC which we have 
found to produce hyperphagia have also been found to stimulate dopamine release in the 
nucleus accumbens (Gardner, 1992; Tanda et al. 1997; Gardner & Vorel, 1998; Williams et al 

1998) . 

Other data indicate that the various behavioural effects of CB 1 agonists can be modified by 
dopamine receptor antagonists (Souilhac et al, 1995; Sanudo-Pena et al 1996), and that cross 
tolerance can occur between CB agonists and dopamine agonists (Rodriguez de Fonseca, 
1994). In addition, CBl receptors have been found to be co-localized, and to interact, with 
dopamine Dl and D2 receptors (Bidaut-Russell & Howlett, 1991; Glass et al 1997). Overall, 
there is growing support for functional relationships between endocannabinoid and dopaminer- 
gic activity in the brain. Therefore, it is entirely feasible that brain dopaminergic systems impli- 
cated in general incentive processes and drug craving could also be involved in the feeding 
effects of cannabinoids. It will be important, therefore, to assess the extent to which feeding 
effects of CBl ligands can be affected by treatments modifying dopamine function. 

In addition to dopamine, the endogenous opioid peptides are also linked to central reward 
processes. For example, in the accumbens, dopamine neurons synapse with enkephalinergic 
neurons that are critical to the expression of reward- or incentive-related behaviours (Gardner 
& Vorel, 1998). In the ventral tegmental area, opioids are thought to remove mesolimbic 
dopaminergic neurons from 7-aminobutyric acid (GABA)-mediated inhibition (Spanagel & 
Weiss, 1999). 

Evidence has also accumulated to support overlapping endogenous opioid and endo- 
cannabinoid mechanisms in relation to a wide range of physiological processes (Fuentes et al 

1999) , including reward and appetite. For example, CBl receptor knockout mice are not only 
unresponsive to cannabinoids, but display a reduced sensitivity to the rewarding properties of 
opiate drugs (Ledent et al 1999). In addition, in the same strain of mice, morphine administra- 
tion fails to stimulate the nucleus accumbens dopamine release found in animals that do express 
the CBl receptor, suggesting that CBl receptors regulate mesolimbic dopamine transmission 
(MasciaeM/. 1999). 

Gardner et al (1988) reported that enhancement of brain-stimulation reward by A^-THC 
was blocked by the general opioid receptor antagonist, naloxone. Importantly, the facilitation 
by A^-THC of feeding induced by stimulation of the lateral hypothalamus is also blocked by 
. naloxone (Trojniar & Wise, 1991). Finally, Gallate et al (1999) found that the facilitatory 
effects of a CB agonist on responding for palatable solutions were reversed by both a CBl 
antagonist and naloxone. Such findings imply that cannabinoids modulate the motivation to 
ingest via actions on both cannabinoid and opioid systems. 

Opioids are firmly implicated in the mediation of food reward in their own right by the 
ability of opioid receptor agonists and antagonists to increase or reduce food intake respec- 
tively. These effects have been shown to involve changes in the hedonic evaluation of foods 
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(for reviews, see Kirkham & Cooper, 1991; Cooper & Kirkham, 1993). For example, opioid 
antagonists are reported by human subjects to reduce the perceived palatability of previously 
preferred foods and fluids. Since food palatability is one of the principal determinants of the 
persistence of eating, it is important that opioid manipulations primarily affect the duration of 
meals and are most apparent in tests with palatable foods. 

Although our analyses are in their preliminary stages, the meal pattern analyses referred to 
earlier suggest that there may be a secondary action of anandamide. In addition to the marked 
effects on eating latency, there may also be a tendency for agonist administration to increase the 
size and/or duration of meals. If this latter effect can be confirmed, it would suggest that the 
behavioural consequences of cannabinoid treatments may not, after all, be restricted solely to 
intermeal incentive processes. Given the potent influence of food palatability on the main- 
tenance of eating, any tendency of cannabinoids to increase meal duration would suggest some 
enhancement of orosensory reward. However, it is also possible that any effect of cannabinoids 
on intrameal factors may be indirect, and mediated through interactions with other important 
neurochemical systems mediating food palatability. Some of our recent experiments do indeed 
provide convincing evidence for interactions between cannabinoids and endogenous opioids in 
relation to feeding. 

To investigate this possibility, we first attempted to block the hyperphagic actions of A^- 
THC with naloxone. We found that even low, subanorectic doses of the opioid antagonist effec- 
tively blocked cannabinoid-induced overconsumption (CM Williams and TC Kirkham, 
unpublished results). Subsequently, we examined whether combined administration of the CBl 
antagonist SR141716 with naloxone could provide further evidence of co-operative interactions 
between cannabinoid and opioid systems. We chose a range of doses of each antagonist which, 
alone, are capable of reversing the actions of agonists at their respective binding sites but exert 
no significant effect on chow intake. As can be seen in Fig. 5, neither naloxone alone, nor 

100 - 




SR141716(mg/kg) 

Fig. 5. Subanorectic doses of the opioid antagonist naloxone and the CB1 antagonist, SR141716, were 
given alone or in combination to non-deprived rats. Each line Indicates the effect of a single dose of 
SR141716 with increasing doses of naloxone (NX). (•). 0-0 mg NX/kg; (A), 0-1 mg NX/kg; (■), 0-5 mg 
NX/kg: (0), 10 mg NX/kg. The data are presented as intake suppression (%) relative to the vehicle-vehicle 
control condition. The graph Illustrates how combined doses of both drugs, which were ineffective indepen- 
dently, interacted to produce significant intake suppression. 
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SR141716 alone, produced any reliable effects on food intake. However, when given in combi- 
nation, every dose of SR141716 potentiated the effects of all doses of naloxone. Significant 
intake suppression occurred with every combination of the two drugs, relative to the 
vehicle-vehicle, SR141716-vehicle or vehicle-naloxone conditions (Kirkham & Williams, 
2001). 

These data seem to indicate a synergistic interaction between the effects of opioid and 
cannabinoid receptor antagonists, and go a long way to support an important functional rela- 
tionship between cannabinoid and opioid systems in the normal regulation of appetite. The 
dramatic nature of the combined effects of these drugs compared with their very weak indepen- 
dent effects are difficult to explain. However, given what we already know about opioids and 
feeding and CBl agonist effects on eating microstructure, it is possible to argue that the sup- 
pression of feeding by combined opioid and cannabinoid receptor blockade may involve dis- 
tinct actions on both appetitive (cannabinoid) and consummatory (opioid) aspects of eating 
motivation. If SR141716 acts to reduce the incentive value of food, while naloxone reduces 
food palatability once the animals begin to eat, we might predict that joint administration of the 
two drugs would act to delay the onset of feeding and, once initiated, lower the palatability of 
the test food and so reduce meal duration. Each effect alone- may be insufficient to significantly 
affect intake, being obscured by the low resolution of measurement in our tests (i.e. by only 
measuring total intake after 1 h), but easily detectable when occurring contiguously. We are 
currently testing this hypothesis using observational analyses. 

Whatever the behavioural alterations underlying these effects, our findings may have par- 
ticular importance in the light of the proposed existence of a cannabinoid receptor subtype that 
is differentially linked to opioid systems (Welch & Eads, 1999). A further possibility is that 
these combinatorial effects reflect similar actions on ventral tegmental dopamine neurons. 
These neurons are under the inhibitory influence of GABAergic neurons in the ventral tegmen- 
tal area. Endogenous opioids act to increase dopamine release in the accumbens by disinhibit- 
ing GABA neurons in the ventral tegmental area (Johnson & North, 1992). In addition, many of 
the neurons which express CBl receptors are GABAergic, and the effect of CBl agonists on 
these cells is again to reduce the release of GABA (Marsicano & Lutz, 1999). The marked 
effects of combined administration of opioid and cannabinoid receptor blockers might thus be 
explained in terms of enhanced GABAergic inhibition of mesolimbic dopamine activity. 
Obviously, a wide range of detailed pharmacological analyses are necessary to shed further 
light on these phenomena. 

Another aspect of our research, which may shed further light on the mechanisms by which 
endocannabinoids influence appetite, involves mapping the brain sites mediating their actions. As 
we discussed earlier, CBl receptors are expressed throughout the brain and the number of poten- 
tial targets is extensive. However, one particular brain region has been increasingly linked to 
feeding and reward processes: the nucleus accumbens, and especially the shell sub-region of this 
nucleus (Kelley, 1999). We have obtained pilot data showing that several CBl agonists, including 
anandamide, can induce feeding in this region (Kirkham & Williams, 1999). In our most recent 
experiments (TC Kirkham and CM Williams, unpublished results) we have also shown that 
hyperphagia can be obtained in freely-feeding rats by bilateral accumbens shell infusion of the 
endocannabinoid 2-arachidonoylglycerol. This latter finding represents the first demonstration of 
the ability of 2-ara!chidonoylglycerol to increase food intake, and provides compelling evidence 
for a natural role of this endocannabinoid in appetite regulation. Interestingly, short-term 
increases in food intake following 2-arachidonoylglycerol were almost wholly attributable to a 
reduction in meal latency, rather than increases in meal size. More experiments are obviously 
required to explore the brain sites sensitive to cannabinoid Ureatments, but the demonstration that 
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the accumbens is a sensitive target for endocannabinoid-induced feeding further strengthens the 
link between these neuromodulators and the reward processes outlined earlier. 



Conclusion 

The historical association between the effects of exogenous cannabinoids and appetite has pro- 
vided scientists with an important lead to one of the possible physiological roles for the newly 
discovered endocannabinoid systems. While the potential of the exogenous cannabinoid, A^- 
THC, to stimulate eating has been an accepted fact for many years, our review of the past litera- 
ture shows that there are many questions about its action which remain unanswered. Work in 
our laboratory has shown that A^-THC can induce a degree of overeating that matches that pro- 
duced by other hyperphagic pharmacological manipulations. We have also demonstrated that 
these effects are due to interaction with central, endocannabinoid systems. In addition, we have 
now obtained very strong evidence that the endocannabinoids contribute to the normal mecha- 
nisms regulating appetite, through the demonstration that anandamide and 2- 
arachidonoylglycerol can also induce hyperphagia. Importantly, animals work harder to obtain 
food after CBl stimulation, and eat sooner in a test, and more frequently than normal. 
Moreover, the changes to feeding behaviour induced by the endocannabinoids are entirely com- 
patible with specific adjustments to eating motivation. Strengthening this hypothesis, we have 
seen that blockade of CBl receptors reduces the willingness of laboratory animals to work for 
ingesta. Together with the other behavioural effects of exogenous or endogenous cannabinoids, 
these findings suggest that endocannabinoid systems are actively involved in the processes 
which drive us to eat. 

In addition, we have presented evidence to suggest that endocannabinoid activity is not 
essential to the maintenance of ingestion, particularly ingestion maintained by palatability. 
However, we have also seen evidence of interactions between endogenous cannabinoids and 
the opioid systems which are intimately associated with orosensory reward. Such interactions 
suggest that, in addition to making food stimuli more salient, cannabinoid administration may 
also indirectly amplify the hedonic evaluation of foods. We have proposed that these combined 
actions on appetitive and consummatory aspects of feeding motivation may reflect modulation 
of classical, dopaminergic and opioidergic reward pathways. In line with this notion, we have 
demonstrated that the nucleus accumbens shell is a sensitive site for cannabinoid-induced 
hyperphagia. Overall, these different findings tend to confirm endocannabinoid involvement in 
the critical motivational processes underlying the stimulation of appetite. Experiments that we 
are currently conducting will attempt to establish the extent to which endocannabinoid activity 
contributes to the normal cyclicity of feeding and whether it may constitute a component of a 
normal 'hunger signal'. 

Despite recent advances in cannabinoid pharmacology and a growing interest in the poten- 
tial of cannabinoid-based therapies, current knowledge is severely handicapped by the lack of 
fundamental research into the behavioural actions of these substances. A willingness to accept 
essentially anecdotal accounts about cannabinoid actions, and to build hypotheses without 
access to even the most basic phenomenological data has slowed progress in this area consider- 
ably. However, we hope that our first steps in characterizing the behavioural actions of, and 
motivational processes served by endocannabinoids will soon give rise to both a better under- 
standing of the neurochemical mechanisms regulating appetite and the promise of improved 
therapies for the treatment of disorders of eating and body weight. 

The demonstration that cannabinoid receptor ligands can stimulate eating, and the possibility 
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that endocannabinoids could play an important role in the processes which give rise to hunger 
or appetite, may also help redress the current outlook on eating as merely a process to be lim- 
ited. We hope that our research will contribute to a resurgence of interest in the biopsychologi- 
cal processes underlying so much of our individual and cultural approaches to food and eating. 
Our innate responsiveness to food stimuli and our capacity to overconsume are likely to be 
understood and managed more* easily through analysis of the mechanisms that provoke 
appetite, rather than by pursuing yet more putative satiety factors. There are many more experi- 
ments to do, and many more avenues to follow. But we anticipate that future research will only 
consolidate our view of endocannabinoid systems as essential components of appetite 
regulation. 
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Abstract 



There is a growing amount of evidence to suggest that cannabis and individual cannabinoids may be effective in suppressing certain 
symptoms of multiple sclerosis and spinal cord injury, including spasticity and pain. Anecdotal evidence is to be found in newspaper reports 
and also in responses to questionnaires. Clinical evidence comes from trials, albeit with rather small numbers of patients. These trials have 
shown that cannabis, A^-tetrahydrocannabinol, and nabilone can produce objective and/or subjective relief from spasticity, pain, tremor, and 
nocturia in patients with multiple sclerosis (8 trials) or spinal cord injury (1 trial). The clinical evidence is supported by results from 
experiments with animal models of multiple sclerosis. Some of these experiments, performed with mice with chronic relapsing experimental 
allergic encephalomyelitis (CREAE), have provided strong evidence that cannabinoid-induced reductions in tremor and spasticity are 
mediated by cannabinoid receptors, both CB) and CB2. Endocannabinoid concentrations are elevated in the brains and spinal cords of 
CREAE mice with spasticity, and in line with this observation, spasticity exhibited by CREAE mice can be ameliorated by inhibitors of 
endocannabinoid membrane transport or enzymic hydrolysis. Research is now needed to establish whether increased endocannabinoid 
production occurs in multiple sclerosis. Future research should also be directed at obtaining more conclusive evidence about the efficacy of 
cannabis or individual cannabinoids against the signs and symptoms of these disorders, at devising better modes of administration for 
cannabinoids and at exploring strategies that maximize separation between the sought-after therapeutic effects and the unwanted effects of 
these drugs. , 
© 2002 Elsevier Science Inc. All rights reserved. 
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1. Introduction 

Multiple sclerosis is a disorder of the nervous system in 
which the ability of neurons to conduct impulses becomes 
impaired through the loss of myelin, which normally forms 
the outer covering of many nerve fibres, and through axonal 
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loss. These changes may result from inappropriate immune 
responses by patients. The nature of the resulting symptoms 
depends on where the demyelinarion and axonal loss have 
occurred. The signs and symptoms of multiple sclerosis 
fluctuate unpredictably, and tend to worsen with age. They 
can include painful muscle spasms, tremor, ataxia, weakness 
or paralysis, difficulty in speaking, constipation, and loss of 
bladder control. Some of these signs and symptoms can also 
be experienced by patients with spinal cord injury. This 
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review summarizes anecdotal, clinical, and non-clinicaj 
evidence that cannabinoids have an important part to play 
in the clinical management of multiple sclerosis and spinal 
cord injury through an ability to suppress signs and symp- 
toms of these disorders. 



2. Anecdotal evidence 

The idea that cannabinoids have the ability to suppress 
signs and symptoms of multiple sclerosis and spinal cord 
injury is in line with some traditional medical applications 
of cannabis. Thus, there are allusions in historical docu- 
ments to the use of cannabis in ancient China, India, Greece, 
and Rome for easing the muscles of the limbs or for 
relieving muscle spasms, cramps, or rheumatic pains (see 
Mechoulam, 1986). Medical applications such as these were 
also recognized for cannabis by 19th century physicians 
such as W. B. O'Shaughnessy and J. R. Reynolds (see 
Mechoulam, 1986). More recently, particularly in the last 20 
years, there have been many claims from multiple sclerosis 
patients about the benefits of self-medicating with cannabis. 
For example, Clare Modges of the Alliance for Cannabis 
Therapeutics, who has multiple sclerosis, wrote in 1993: 

I was being prescribed a whole range of medicines. 
There were pills to stop me feeling sick. These made me 
clumsy and drowsy. There were pills to relieve bladder 
spasms but they made me feel sick and gave me blurred 
vision. There were pills to help me sleep but they made 
me anxious and were habit-forming, 

and then 

For about a year now, I have been regularly taking a 
small amount of cannabis resin — less than the size of 
half a pea — late at night. I used to smoke it. . .but I was 
worried that my children might see me smoking so now I 
eat it. After a short time, my body completely relaxes, 
which relieves my tension and spasms. During the day I 
have to use a catheter whenever I want to empty my 
bladder and, most notably, cannabis relieves the 
discomfort and difficulty I have controlling it. It has 
also stopped the nausea that kept me awake at night, 

and 

1 don't often take enough to "get high". When I do, Tm 
sure the feeling of calm and euphoria does my spirits a 
lot of good, too. 

Reports of this kind provoked the setting up in 1994 of a 
survey directed at more precisely establishing the claims 
that were being made about cannabis for multiple sclerosis 
and at identifying the most appropriate questions that should 
be addressed in any future clinical trials (Consroe et al., 
1997). This questionnaire was distributed to multiple scler- 
osis patients who were thought to be self-medicating with 
cannabis, and replies were received anonymously from 57 
men and 55 women (age range, 22-67 years). Of these, 59 
were from the United States and 53 from the United 



Kingdom. Over 90% of those who were experiencing the 
following symptoms reported improvement after taking 
cannabis: spasticity at sleep onset (96.5%), pain in muscles 
(95.1%), spasticity when waking at night (93.2%), pain in 
the legs at night (92.3%), tremor of arms/head (90.7%), and 
depression (90,6%). The number of subjects reporting these 
symptoms were, respectively, 86, 61, 59, 52, 43, and 74. It 
was also reported that cannabis relieved a number of other 
symptoms. More specifically, of those who were experi- 
encing particular symptoms, the percentage of those report- 
ing improvement in response to cannabis was 81-90% for 
anxiety, for spasticity when waking in the morning or when 
walking, and for tingling in face/arms/legs/trunk; 71-80% 
for numbness of chest/stomach, face pain, weight loss, and 
leg weakness; 61-70% for tiredness, urinary urgency, 
double vision, and sexual dysfunction; 51-60% for ability 
to walk, urinary hesitancy, vision dimness, defaecation 
urgency, balance, urinary incontinence, and slurred speech; 
44% for faecal incontinence; 32% for memory loss; and 
30% for constipation. It was also claimed that cannabis was 
taken at all times of day (more in the evening than at other 
times), 2-3 times per day (mean, 2.7 times) and 5-6 days 
per week (mean, 5.6 days), and that the cannabis was 
usually smoked. Because this survey targeted multiple 
sclerosis patients who self-medicate with cannabis, the data 
it generated cannot be used to predict the proportion of all 
with multiple sclerosis who might benefit from cannabis or 
individual cannabinoids. Multiple sclerosis patients tend to 
exhibit a high rate of positive responding to placebo treat- 
ments. Even so, the high proportion of those who claim 
cannabis to relieve spasticity, tremor, and pain is impressive. 
Indeed, as it is also in line both with evidence from animal 
experiments and with the limited amount of clinical data that 
has been gathered already, it clearly warrants further clinical 
investigation. 

Claims that cannabis can reduce spasticity and pain are 
also to be found in two surveys of patients with spinal cord 
injury. In one of these surveys, conducted with 1 0 patients, 5 
out of 8 patients with spasticity reported improvement in 
response to cannabis self-medication (Dunn & Davis, 1974). 
Cannabis-induced improvement was also noted by five out 
of nine patients with headache and by four out of nine 
patients with phantom limb pain. However, one of the 
patients reported cannabis to increase phantom limb pain. 
Bladder spasms decreased after cannabis in one patient, but 
increased after cannabis in another patient, and two patients 
noted increased urinary retention after cannabis. In the other 
survey, 21 out of 24 patients with spinal cord injury claimed 
that cannabis self-medication decreased spasticity (Malec et 
al., 1982). More recently, Schnelle et al. (1999) carried out a 
survey directed at determining the incidence and nature of 
the medical use of cannabis and cannabinoids in Germany, 
Austria, and Switzerland. They reported that only 5 of the 
128 patients surveyed took A^-tetrahydrocannabinol (THC, 
Marinol®) by prescription and that the remainder used 
natural cannabis products. Among a range of claimed 
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therapeutic targets were multiple sclerosis, back pain, spas- 
ticity, and spinal cord injury. 



. 3. Clinical evidence 

The clinical evidence comes from eight clinical trials 
performed with a rather small number of multiple sclerosis 
patients and from a study of one patient with spinal cord 
injury. Five of these investigations were carried out with 
orally administered A^-THC, the results obtained suggesting 
that this treatment can reduce the intensity of several signs 
. and symptoms of multiple sclerosis or spinal cord injury 
(Table 1). In particular, objective testing has provided 
evidence that A^-THC can decrease spasticity, rigidity, and 
tremor and can improve walking ability, performance in a 
handwriting test, and bladder control. There were also claims 
from the patients who took part in one or another of these 
trials that oral A^-THC improves spasticity, tremor, mobility, 
and quality of sleep; relieves pain; and induces a sense of 
well-being. In one double-blind trial with a single patient 
with spinal cord injury in which the effects of A^-THC and 
codeine were compared, it was found that oral A^-THC 
(5 mg) reduced pain and spasticity, whereas oral codeine 
(50 mg) had only an analgesic effect (Maurer et al., 1990). 

Three clinical trials have been carried out with orally 
administered nabilone and two with inhaled or orally 
administered cannabis (Table 1). These yielded results that 
are broadly in line with the findings obtained in the clinical 
trials with oral A^-THC. They also showed that smoked 
cannabis could reduce ataxia in one multiple sclerosis 
patient (Meinck et al, 1989) and could decrease nystagmus 
amplitude and improve visual acuity in another <Schon et 
al., 1999), In some instances, improvements reported by 
patients in response to A^-THC have not been detectable in 
objective tests (Table 1). For example, when Ungerieider et 
aL (1987) gave A^-THC (7.5 mg p.o.) to 8 multiple sclerosis 
patients with significant spasticity, this treatment decreased 
subjective levels of spasticity without improving perform- 
ance in objective functional tests in which assessments were 
made of limb weakness, limb spasticity, limb coordination, 
gait impairment, and reflexes. Possible explanations for this 
discrepancy are that the objective tests were insufficiently 
sensitive or that these tests were applied at a single time 
point, whereas self-rating took place over a 24-hr period 
(Ungerieider et al., 1987). 

The cannabinoid receptor agonist nabilone is licensed in 
the United Kingdom for the suppression of nausea and 
vomiting provoked by anticancer drugs. However, it is also 
permissible to prescribe nabilone in the United Kingdom for 
other purposes on a "named patient basis," and Dr. William 
Notcutt is one British pain specialist who offers nabilone to 
patients experiencing chronic pain that has been found to be 
untreatable by conventional therapy. Notcutt et al. (1999) 
have reported the clinical outcome of giving nabilone orally 
to 60 patients. These included 16 with advanced multiple 



sclerosis, of which, 6 experienced analgesia, muscle relaxa- 
tion, and/or sleep improvement after nabilone. However, the 
other 10 multiple sclerosis patients obtained no useful 
benefit fix)m the drug. Notcutt et al. (1999) have also found 
that a large proportion of the patients they have treated with 
nabilone experienced drowsiness and dysphoria of sufficient 
severity to cause many to discontinue the drug, in spite of 
obtaining a benefit. The intrinsic properties of nabilone, the 
difficulty of controlling its bioavailability (see next para- 
graph), and the inability to titrate nabilone against fluctua- 
tions of pain through the day were all cited as possible 
reasons for this problem. 

Orally administered cannabinoids seem to undergo some- 
what variable absorption. For example, Clifford (1983) 
found that the oral dose of A^-THC required to improve 
performance in a handwriting test was 5 mg for one multiple 
sclerosis patient, but 15 mg for a second patient, and that 
both 5 and 1 0 mg were ineffective in the second patient. In 
another investigation (Schon et a!., 1999), it was found that 
whilst smoked cannabis reduced nystagmus amplitude in a 
multiple sclerosis patient, no improvement was detectable in 
response to orally administered cannabis capsules or, 
indeed, to oral nabilone at up to 6 mg per day. There is 
also evidence that oral A^-THC has a rather narrow thera- 
peutic window. This comes from experiments in which 13 
multiple sclerosis patients with significant spasticity were 
subjected to escalating daily doses of oral A^-THC in the 
range 2.5-15 mg (Ungerieider et al, 1987). Subjective 
levels of spasticity reported by these patients decreased 
after 7,5-, 10-, or 15-mg A^-THC. No improvement was 
experienced after A^-THC at doses of 2.5 or 5 mg, whilst 3 
of 4 patients receiving lO-mg A^-THC reported intolerable 
side effects. It follows that one area for fiiture clinical 
research is the development of cannabinoid formulations 
and modes of administration that produce more reliable 
cannabinoid absorption than has hitherto been achievable, 
at least by the oral route. Possible solutions are to develop 
improved oral formulations or to use other routes for 
cannabinoid delivery, for example, administration by rectal 
suppository (Brenneisen et al.. 1996), by aerosol/vapour 
inhalation, by injection, by skin patch, or by the sublingual 
or intrathecal route, all modes of administration that avoid 
first-pass metabolism of the absorbed drug. Some success 
has been achieved already in Phase I studies with a 
sublingual cannabinoid spray (Whittle et al., 2001). The 
emergence of better modes of cannabinoid administration 
should be facilitated by the development of a centrally 
active water-soluble cannabinoid (Pertwee et aL, 2000). 

The absorption difficulties that seem to be associated 
with the oral administration of A^-THC may account for 
anecdotal claims by multiple sclerosis patients that cannabis 
is superior to A^-THC as a medicine, as the comparison is 
usually between oral A^-THC (slow, unreliable absorption 
followed by hepatic first-pass metabolism to active and 
inactive metabolites) and smoked cannabis (faster, more 
reliable absorption, with no first-pass metabolism). How- 
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Table 1 

Effects of cannabis or single cannabinoids on signs and symptoms of multiple sclerosis and spinal cord injury 



Signs and symptoms 



Design 



Treatment 



Measured effect 



Reference 



Spasticity related 
to multiple sclerosis 
in 9 patients naive 
to cannabis 



Disabling tremor and 
mild ataxia related to 
multiple sclerosis in 
I cannabis-expcrienced 
male patient (aged 30) 



Disabling tremor and 
other signs related to 
multiple sclerosis in 
1 female patient 
(aged 30) 



Double-blind, 
placebo 



THC (p.o.) 5 or 10 mg 



Single-blind, 
placebo 



' Placebo . 



THC (p.o.) 5 mg 



Single-blind, 
placebo 



Placebo 

THC (p.o.) 15 mg 



Six other multiple 
sclerosis patients with 
disabling tremor and 
ataxia, some 
cannabis-experienced 
(aged 21-49) 

Spasticity, limb weakness, 
hyperactive reflexes, and 
impaired coordination and 
gait related to multiple 
sclerosis in 5 male and 
8 female patients 
aged 26-64 (9 of 
these patients were 
cannabis-experienced)^ 



Spasticity and 
pain due to spinal 
cord injury in I male 
patient (aged 28) 



Multiple dysmorphy and 
cervical myelopathy with 
progressive spastic 
tetraparesis in 1 male 
patient (aged 48) and 
multiple sclerosis and light 
cervical myelopathy in 
another male patient (aged 64) 



Single-blind, 
placebo 



Double-blind, 

placebo, 

cross-over 



Placebo 

THC (p.o.) 5-15 mg 



THC (p.o,) 7.5 mg' 



Placebo 



Double-blind, 
placebo 



THC (p.o.) 5 mg^ 



Open-label 



THC (p.o.) 10 or 15 mg or 
THC hemisuccinate (rectal*) 



Objective "spasticity score" 
improved significantly 
(/>< 0.005 vs. placebo); 
feel "better able to walk" 
(3 patients); feel "high" 
(1 patient; 10 mg) 
Objective "spasticity score" 
improved (1 patient); feel " 
high" (1 patient) 
Mild subjective improvement 
in tremor and sense of 
well-being; performance in 
handwriting test improved; 
long-lasting decrease in head 
and neck tremor, little change 
in mild hand ataxia 
(fmger-nose-finger testing); 
mild "high" 

No improvement; "high" 
sensation 
Mild subjective 
improvement in tremor and 
sense of well-being; 
long-lasting improved 
performance in handwriting 
test (5 and 10 mg ineffective); 
other signs of motor dysfunction 
were not alleviated; "high" 
sensation 
No improvement 
Mild subjective improvement 
in tremor and sense of 
well-being in 5 of the 
patients; no objective 
improvement; "high" sensation 

Subjective improvement 
in spasticity; performance in 
objective function tests not 
improved; tolerable side 
effects (10 mg was 
intolerable to some patients; 
2.5 and 5 mg ineffective) 



No improvement; 
THC-like subjective effects 
in 5 patients 

Marked reductions in pain 
and self-rated spasticity; 
improvements in 
bladder control, quality of 
sleep, mood, and ability to 
concentrate on 
intellectual work next day 
THC and THC hemisuccinate 
improved walking ability and 
passive mobility (Ashworth 
Scale); they also reduced 
rigidity and produced slight 
pain relief in the younger patient; 
temporary deterioration in ability 
to concentrate and in mood after 



Peiro & 

Hllcnbcrger, 1981 



Clifford. 1983 



Ungerleider et al.. 1 987 



Maurcrei al., 1990 



Brenneisen et al.. 1996 
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Table 1 {continued) 



Signs and symptoms 


Design 


Treatment 


Measured effect 


Reference 








THC (older patient); neither 










formulation affected miction 










frequency, blood 










pressure, heart rate, or body 










temperature 




Muscle spasms, nocturia. 


r>v i_t— 1 

Double-bimd, 


Nabilone (p.o.) 1 mg 


Subjective improvement 


Martyn ei ai.. \yy^ 


and other signs related 


placebo. 


(eveiy second day) 


in painful muscle spasms. 




to multiple sclerosis in 


crossK>ver 




mood, and well-being; 




1 male patient (aged 45) 






reduction in fircquency 
of nocturia 




Severe intractable pain 


Open-label? 


Nabilone (p.o.) 1 mg 


Pain relieved completely^'* 


Hamann 8l 


m both legs of 1 male 




(twice daily) 






patient caused by multiple 










sclerosis 










Signs of multiple sclerosis 


Placebo 


7 

Cannabis or tobacco (inhaled) 


Nystagmus amplitude 


ocnon ei ai.. iwv 


with oscillopsia associated 






reduced and visual acuity 




with prominent 






improved; nystagmus 




pendular nystagmus in 1 male 






frequency unchanged 




pdllCIll ^agCU 












Open-label? 


Cannabis oil capsules^ 
or nabilone' (p-o.) 


No discernible benefit 




Spastic tetraparesis. 


Open-label 


Cannabis (inhaled) 


Objective testing showed 


Mcinck ci al., 1989 


limb and gait ataxia, intention 






marked reduction 




tremor, and other 






in spasticity, hand and 




signs related to multiple 






fmger action tremor (intention 




sclerosis in 1 






tremor) almost abolished. 




cannabis-cxperienced male 






ataxia reduced (finger-nose 




patient (aged 30) 






test), and mobility improved 





^ This dose was given to 8 of the 13 patients. 

^ History of intolerable side-effects from antispasticity drugs, including baclofen, dantrolene, and diazepam. 
^ THC and placebo were taken with baclofen (40 mg) and clonazepam (1 mg). 
^ Dose of THC hemisuccinate equivalent to 2.S- or S-mg THC. 



Trials with a variety of unspecified antineuropathic and antinociceptive treatments were unsuccessful. 

* Analgesia not reversed by naloxone (200 p,g i.v.). 
' Nystagmus unaffected by tobacco-only cigarettes. 

^ Up to 8 cannabis oil capsules per day, with each capsule equivalent to about S-mg A^-THC. 
' Up to 6-mg nabilone per day. 



ever, it is unlikely that smoked cannabis would itself ever be 
acceptable for the clinic. Thus, because of the tars and gases 
produced during the combustion process, cannabis smoke is 
toxic to airway tissue, and probably carcinogenic (Fung et 
al., 1999; Hollister, 1986; Sherman et al.. 1991). 

Some signs of multiple sclerosis or spinal cord injury 
may be worsened by cannabinoids. Thus, in a double-blind 
randomized placebo-controlled study, Greenberg et ai. 
(1994) found that although cannabis cigarettes (1.54% A^- 
THC), smoked on one occasion by ten 21- to 55-year-old 
multiple sclerosis patients with spasticity and gait dysfunc- 
tion, produced a subjective feeling of clinical improvement, 
they also caused a subtle impairment of posture and balance, 
as measured by "dynamic posturography.'* The posture and 
balance of 10 matched healthy subjects was also impaired. 
There have been other reports that cannabis can impair 
postural control in healthy subjects (see Paton & Pertwee, 
1973), and it is well documented that cannabinoids cause 
dogs to weave to and fro whilst remaining fixed in one spot 



(the basis of the "static ataxia" bioassay for cannabinoids) 
(Martin et ah, 1995; Razdan, 1986). 

The clinical reports that cannabinoids can reduce pain 
caused by multiple sclerosis or spinal cord injury are 
supported by evidence from other clinical investigations that 
intramuscular injection of the cannabinoid receptor agonist 
L-nantradol is effective against acute postoperative pain 
(Jain et al, 1981), that A^-THC (10 mg p.o.) can reheve 
cancer pain (Noyes et aL, 1975a, 1975b), and that oral 
cannabis had a morphine-sparing effect in a patient suffering 
from severe chronic abdominal pain (Holdcroft et al., 1997), 



4. Non-clinical evidence 

Results obtained with animal models of multiple scler- 
osis provide strong support for the claimed benefits of 
cannabinoids for this disorder. More specifically, data from 
experiments with rats and guinea-pigs (Lyman et al., 1989; 
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Wirguin et al., 1994) have indicated that the cannabinoid 
receptor agonists A*- and A'-THC decrease signs of experi- 
mental autoimmune encephalomyelitis (EAE). In these 
experiments, EAE was induced in Lewis rats, Sabra outbred 
rats, or strain 1 3 guinea-pigs by inoculation with Myobac- 
terium tuberculosis in combination with Freund's complete 
adjuvant and guinea-pig myelin basic protein or homoge- 
nates of spinal cord or bovine white matter (and sometimes 
also with Bordetella pertussis vaccine). The animals were 
then observed for up to 21 days. A*-THC, A^-THC, or 
vehicle were given once daily, the first administration being 
made between 1 and 9 days after inoculation. The guinea- 
pigs received daily intraperitoneal injections of 5-mg A'- 
THC (Lyman et al.,' 1989) and the rats, oral administrations 
of 5-mg/kg A^-THC (Lyman et a!., 1989) or 40-mg/kg A^ 
THC (Wirguin. et al, 1994). Following these drug treat- 
ments, the clinical signs of EAE, which can progress from 
tail flaccidity (rats) and generalized atonia to death via 
ataxia, paraparesis, incontinence, paraplegia, and quadriple- 
gia/moribundity, were delayed in onset and reduced in 
intensity. Lyman et al. (1989) also found A^-THC to 
decrease histological signs of EAE inflammation in rat 
and guinea-pig spinal cord. Dexanabinol (HU-211), a syn- 
thetic cannabinoid with A^methyl-D-aspartate-blocking and 
antioxidant properties that does not share the ability of A^- 
or A^-THC to act though CBi or CB2 receptors, has also 
been found to decrease signs of EAE in rats (Achiron et al., 
2000). Possible mechanisms underlying this effect of dex- 
anabinol are inhibition of tumour necrosis factor-a release 
and neuroprotection through scavenging of free radicals. 

Baker et al. (2000) have investigated the part played by 
cannabinoid receptors in cannab.inoid-induced suppression 
of the spasticity and tremor of mice with chronic relapsing 
experimental allergic encephalomyelitis (CREAE). This is 
an autoimmune model of multiple sclerosis that is set up by 
injecting Biozzi ABH mice subcutaneously with an emul- 
sion of mouse spinal cord homogenate in Freund's complete 
adjuvant on days 0 and 7. This treatment induces sensitiza- 
tion to myelin antigens, which leads to demyelination and 
axonal loss in the CNS and, hence, to the production of 
relapsing-remitting episodes of hind-limb spasticity and 
unilateral or bilateral forelimb and hind-limb tremor. It 
was found that limb spasticity and tremor exhibited by 
CREAE mice could be readily suppressed by the cannabi- 
noid receptor agonists /?-(+)-WIN-55212 (I, 2.5, or 5 mg/kg 
i.p.) and A^-THC (10 mg/kg i.v.). These effects seemed to 
be cannabinoid receptor-mediated since limb spasticity was 
not reduced by the S-{ - )-enantiomer of WIN-55212 or by 
( - )-cannabidiol, both of which lack significant cannabi- 
noid receptor affinity. Unexpectedly, evidence was obtained 
that suppression of limb spasticity and/or tremor could be 
mediated not just by CBi receptors, but also by CB2 
receptors. Thus, Baker et al. (2000) showed that the abi- 
lity of /?-(+)-WI'N-55212 to suppress tremor in CREAE 
mice could be attenuated by pretreatment (5 mg/kg i.v.) 
with either the CBi -selective antagonist/inverse agonist 



SR141716A or the CBa-selective antagonist/inverse agonist 
SR144528. They also found that limb spasticity in CREAE 
mice could be reduced both by a CBi -selective agonist (/?- 
(+)-methanandamide at 5 mg/kg i.v.) and by a CB2-selective 
agonist (JWH-133 at 1.5 mg/kg i.v.). Although CB2 recep- 
tors may be present within the CNS, they are located there 
and peripherally on immune cells, rather than on neurones 
(Keam & Millard, 1999; Pertwee, 1 997), raising the question 
of how activation of CB2 receptors could decrease spasticity 
or tremor in CREAE mice. Also still to be investigated is the 
part played by '*CB2-like" receptors in the decrease in 
spasticity or tremor observed by Baker et al. (2000). The 
existence of such receptors has been proposed by Calignano 
et al. (1998) to explain the ability of SR144528 to oppose 
the antinociceptive effect in mice of palmitoylethanolamide, 
a fatty acid amide that lacks significant affinity for CB2 (or 
CBi) receptors. It has been found by Baker et al (2000) that 
at 10 mg/kg i.v., palmitoylethanolamide shares the ability of 
CB] and CB2 receptor agonists to reduce limb spasticity in 
CREAE mice. 

Baker et al. (2000) have also found that both SR141 7 16A 
and SR144528 can increase spasticity in CREAE mice. 
More specifically, when administered by itself at 5 mg/kg 
i.v,, SR141716A was found to exacerbate markedly limb 
spasticity in mildly spastic CREAE mice. At the same dose, 
SRI 44528 produced increases in hind-limb and tail spas- 
ticity, and enhanced increases in limb spasticity induced by 
SR141716A. By itself, SR141716A also provoked forelimb 
tremor in some tremor-free CREAE mice. These effects of 
SR141716A and SRI 44528 could have stemmed, at least in 
part, from the presence of CBi and CB2 receptors that are 
spontaneously coupled to their effector mechanisms (con- 
stitutively active receptors). Thus, there is evidence that 
rather than being "silent" antagonists, SR141716A and 
SR144528 are "inverse agonists" with the ability to reduce 
the constitutive activity of cannabinoid receptors (Boua- 
boula et al., 1997; Coutts et al., 2000: MacLennan et al., 
1998; Pan etal., 1998; Portier et al., 1999; Rinaldi-Carmona 
et al., 1998; Sim-Selley et al., 2001). It is also possible that 
spasticity and tremor in CREAE mice is attenuated to some 
extent by endocannabinoids released onto cannabinoid 
receptors, and that SR141716A and SRI 44528 reduce this 
attenuation by competing for these receptors. This hypo- 
thesis is supported by three observations (Baker et al., 
2001), the first of which is that spastic CREAE mice have 
elevated concentrations of the endocannabinoids, ananda- 
mide and 2-arachidonoylglycerol, in their brains and spinal 
cords. Palmitoylethanolamide levels are also elevated in the 
spinal cords of spastic CREAE mice, although not in the 
brains of these animals. The second of these observations is 
that spasticity in CREAE mice can be ameliorated by 
drugs expected to augment extracellular concentrations of 
endocannabinoids. These drugs are A^-(4-hydroxyphenyl) 
arachidonylamide, an inhibitor of endocannabinoid mem- 
brane transport, and palmitylsulphonyl fluoride, which 
inhibits the enzymic hydrolysis of endocannabinoids (see 
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also Pemv'ee, 2000). The third observation is that limb and 
tail spasticity in CREAE mice can be transiently increased 
by rolipram, a selective inhibitor of cyclic AMP-selective 
phosphodiesterase IV that is expected to disrupt cannabi- 
noid receptor signalling by counteracting cannabinoid 
receptor-mediated inhibition of cyclic AMP production 
(both CBi and CB2 receptors are negatively coupled to 
adenylate cyclase) (Felder et al., 1995; Hewlett & Flem- 
ing, 1984: Slipetz et a!., 1995; see also Peitwee, 1997). 
When taken together, the findings of Baker et al. (2000, 
2001) provide convincing evidence for the tonic control of 
spasticity by the endocannabinoid system, at least in 
CREAE mice. Future research should establish whether 
or not a similar mechanism operates in multiple sclerosis. 
It should also more precisely identify the locations within 
the brain and spinal cord at which endocannabinoid con- 
centrations increase in CREAE mice, and determine the 
extent to which these locations are restricted to sites within 
the brain and spinal cord responsible for the regulation of 
motor function. In addition, it will be of interest to 
discover the mechanisms responsible for this increase in 
endocannabinoid production and to determine what effect, 
if any, the increase has on cannabinoid receptor density or 
signalling in CREAE mice. Interestingly, there is already 
evidence for a decrease in the concentrations of CBj 
receptor mRNA and cannabinoid-binding sites in striatal 
and cortical regions of the brains of EAE rats and for an 
increase in the coupling efficiency of the cannabinoid 
receptors still present in these brain areas (Berrendero et 
a)., 2001). Whether these receptor changes are causally 
linked to any increases in endocannabinoid concentrations 
that may have occurred in the brains of these animals has 
yet to be established. The physiological consequences of 
these opposing changes in cannabinoid receptor density 
and signalling on brain function has also still to be 
investigated. 

The clinical evidence that cannabinoids can relieve 
muscle spasms and certain other signs of motor dysfunction 
caused by multiple sclerosis or spinal cord injury is also 
supported by other observations from animal experiments. 
Thus, there is well-established evidence that cannabinoid 
receptor agonists suppress the perception of painful stimuli 
by animals in models of both acute pain and inflammatory 
and neuropathic pain (see Pertwee, 2001). There are also 
reports that cannabinoids can suppress spinal reflexes in cats 
(Tramposch et al., 1981; Turkanis & Karler, 1983, 1986; see 
also Pertwee, 1988) and can produce marked catalepsy and/ 
or hypokinesia in dogs, rats, and mice (Martin et al., 1995; 
Razdan, 1986). In addition, Richter and Loscher (1994) 
have found that the synthetic cannabinoid receptor agonist 
/?-(+)-WIN-55212 can decrease the severity of dystonia in 
mutant Syrian hamsters with primary generalized dystonia. 
Interestingly, the hamster experiments also yielded data 
indicating that when sub-effective doses of ^-(+)-Wns[- 
55212 and diazepam are co-administered, they can interact 
synergistically to produce significant antidystonic effects. 



This finding is in line with other reports that cannabinoids 
interact synergistically with both benzodiazepines and 7- 
aminobutyric acid receptor agonists to alter motor function 
in rats and mice (Pertwee & Greentree, 1988; Pertwee et al., 
1988; Pertwee & Wickens, 1991; see also Pertwee, 1992). 
Cannabinoid-induced catalepsy and hypokinesia are most 
likely mediated by CBi receptors that are found in high 
concentrations in many of the brain areas that regulate motor 
function, particularly in the substantia nigra pars reticulata, 
entopeduncular nucleus, globus pallidus, lateral caudate- 
putamen, and the molecular layer of the cerebellum (I ler- 
kenhara et al., 1991; see also Pertwee, 1997). Whether these 
brain areas are also where cannabinoids act to produce their 
putative spasticity-reducing effect remains to be established. 
Other possibilities that cannabinoids can reduce spasticity 
by acting on the terminals of motoneurones (Vim der Kloot, 
1994) or by interacting with spinal pathways also require 
further investigation. The antinociceptive effects of canna- 
binoids are also mediated by cannabinoid receptors, in this 
case, by CBi receptors located on pain pathways in the brain 
and spinal cord and on the peripheral terminals of primary 
sensory neurones and possibly also by CB2 or (3B2-like 
receptors (see Pertwee, 2001). 

In view of anecdotal claims and evidence from controlled 
clinical studies that cannabis, A^-THC, and nabilone can 
improve bladder function in some patients with multiple 
sclerosis or spinal cord injury (Sections 2 and 3), it is also 
noteworthy that cannabinoid receptor agonists inhibit elec- 
trically evoked contractions of mouse isolated urinary 
bladder (Martin et al., 2000; Pertwee, 1997; Pertwee & 
Fernando, 1996). This they seem to do by acting on 
prejunctional neuronal CBj receptors to inhibit the evoked 
release of contractile transmitters. The cannabinoid receptor 
agonist /?-(+)-WIN-55212 has also been found to inhibit 
neuronally evoked contractions of urinary bladder sections 
of rat, although not of dog, pig, cynomolgus monkey, or 
human (Martin et al., 2000). Further experiments are 
required to establish the basis of this species difference. 

Finally, Molina-Holgado et al. (1998) have performed 
experiments with primary astrocyte cultures prepared from 
1 -day-old postnatal mouse cerebral cortex infected with 
Theiler's murine encephalomyelitis virus (TMEV), a treat- 
ment that induces multiple sclerosis-like demyelination and 
enhances astrocyte production of interleukin-6. They found 
that the endogenous cannabinoid receptor agonist ananda- 
mide enhanced the release of interieukin-6 from the TMEV- 
infected astrocytes, and that this effect could be blocked by 
the selective CBi receptor antagonist/inverse agonist 
SR141716A at I |iM. The role of interleukin-6 in multiple 
sclerosis remains to be established. However, there is 
evidence that this cytokine has neuroprotective properties 
and that it may promote neural repair (see Molina-Holgado 
et al., 1998). It has also been reported that administration of 
human recombinant interleukin-6 reduces demyelination 
and inflammation in the spinal cord of TMEV-infected mice 
(Rodriguez et al, 1994). 
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5. Conclusions 

Although the evidence that cannabis and individual 
cannabinoids are effective against the muscle spasticity/ 
spasm and pain of multiple sclerosis and spinal cord injury 
is not conclusive, it is sufficient to warrant clinical trials 
with cannabinoids that will provide more substantial clinical 
data, both about the efficacy of cannabinoids and about their 
unwanted effects. The case for such trials is reinforced by 
the need for treatments that are more effective and that 
produce less unpleasant side effects than those now used to 
manage symptoms of multiple sclerosis and spinal cord 
injury. Particularly important steps in the design of clinical 
trials will be the selection of the drug(s) to be investigated, 
the mode of administration of this drug(s), and the dose 
levels to be used. Apart from the lack of good modes of 
delivery for cannabinoids (see Section 3), practical difficul- 
ties confronting the design of clinical trials include the 
dearth of sensitive and reliable objective measures of 
spasticity and rigidity and the problem of devising an 
adequate placebo control for drugs that produce such 
marked and characteristic psychotropic effects. In addition, 
cannabinoid elimination from the body is rather slow 
( Agurell et al, 1986), necessitating lengthy wash-out peri- 
ods between treatments if a cross-over design is used. In 
spite of these difficulties, it is encouraging that the British 
Medical Research Council recently funded a 3-year multi- 
centre clinical trial with 660 patients that is to be directed at 
investigating the abilities of oral cannabis and A^-THC to 
relieve signs and symptoms of multiple sclerosis (Dyer, 
2001). Clinical studies with multiple sclerosis patients are 
also being conducted in the United Kingdom using novel 
delivery systems to administer cannabis extracts (Whittle et 
al., 2001; see also Section 3). 

Another important area for future clinical research must 
be the development of strategies that maximize separation 
between the sought-after therapeutic effects of cannabinoids 
and the unwanted effects of these drugs, particularly their 
psychotropic effects. One strategy may be to use drugs that 
activate the endogenous cannabinoid system indirectly by 
increasing extracellular levels of endocannabinoids through 
inhibition of their membrane transport or enzymic hydro- 
lysis, and, indeed, drugs of this kind are already available 
( Peilwee, 2000). It will be important to establish whether, as 
in CREAE mice (Baker et al., 2001), endocannabinoid 
production increases during periods of spasticity in humans. 
If such increases do occur in multiple sclerosis, ideally they 
should be located predominantly at sites at which spasticity 
is suppressed, as this should render inhibitors of endocan- 
nabinoid membrane transport or enzymic hydrolysis sig- 
nificantly more selective than direct cannabinoid receptor 
agonists. Another possibility is to administer a cannabinoid 
in combination with a second agent that augments only the 
sought-after effects of the cannabinoid. Thus, there already 
is evidence from animal experiments that synergistic inter- 
actions can occur between cannabinoids and opioids for 



analgesia (Fertwee, 2001; Welch & Stevens, 1992) and 
between cannabinoids and benzodiazepines for depressant 
effects on motor function (Fertwee, 1992; Richter & 
Loscher, 1994). As there are claims by multiple sclerosis 
patients that cannabis can relieve their symptoms at dose 
levels that do not induce a 'high,' a third strategy may be to 
administer an agonist (partial agonist) with a reduced ability 
(efficacy) to activate CBi receptors. This approach assumes 
that it should be possible to develop a partial agonist that 
has sufficient efficacy to relieve muscle spasticity/spasm 
and pain, but insufficient efficacy to produce a full range of 
cannabimimetic psychotropic effects, even when it occupies 
all available CBj receptors. Possible lead compounds are 6'- 
azidohex-2'-yne-A^-THC and 6'-azidohex-ci.s-2'-ene-A*- 
THC (Ross et a!., 1999). Since there is evidence that CBj 
or CB2-like receptors can mediate suppression of limb 
spasticity and/or tremor, at least in CREAE mice (Baker et 
al., 2000), it will also be worth carrying out clinical studies 
with CB2-selective agonists. It should be noted, however, 
that although such agonists are expected to lack psycho- 
tropic properties, current knowledge about the pharmaco- 
logy and toxicology of CB2 receptor agonists is far from 
complete. Because CB2 receptors are located mainly in the 
inmiune system (Galiegue et al., 1995; Munro et al., 1993; 
see also Fertwee, 1 997) and multiple sclerosis is considered 
to be an immune disorder, the possibility also exists that 
CB2 receptor agonists (or antagonists) could be used to 
slow, or even halt, the course of this disease. 
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CaNNABINOIDS: DEFENDING THE EPILEPTIC BRAIN 



The Endogenous Cannabinoid System Regulates 
Seizure Frequency and Duration in a Model of Tem^ 
poral Lobe Epilepsy 

Wallace MJ. Blair RE. Falenski KW, Martin BR. 
DeLorenzo RJ 

J Pharmacol Exp Ther 2003;307:129-137 

Several lines of evidence suggest that cannabinoid 
compounds are anticonvulsant. However, the anti- 
convulsant potential of cannabinoids and, moreover, 
the role of the endogenous cannabinoid system in 
regulating seizure activity have not been tested in 
an. in vivo model of epilepsy that is characterized by 
spontaneous, recurrent seizures. Here, by using the 
rat pilocarpine model of epilepsy, we show that the 
marijuana extract 9-tetrahydrocannabinoi (10 mg/kg) as 
well as the cannablmimetic, 4,5-dlhydro-2-methyl-4(4- 
morpholinylmethyl)*1 -(1 -naphthalenyl-carbonyI)-6H- 
pyrrolo[3,2,1-/,y]quinolin-6-one [R{+)WIN55,212 (5 mg/ 
kg)], completely abolished spontaneous epileptic 
seizures. Conversely, application of the cannabinoid 
CB1 receptor (CB1) antagonist, A/-(piperidin-1-yl-5- 
(4-chlorophenyl)-1-(2,4-dichlorophenyl)-4-methyl-1H- 
pyrazole-3-carboxamidehydrochloride (SR1 41 71 6A), 
significantly increased both seizure duration and 
frequency. In some animals, CB1 -receptor antagonism 
resulted in seizure durations that were protracted to 
a level consistent with the clinical condition status 
epilepticus. Furthermore, we determined that during an 
short-term pilocarpine-induced seizure, levels of the en- 
dogenous CB1 ligand 2-arachidonylglycerol increased 
significantly within the hippocampal brain region. 
These data not only indicate anticonvulsant activity of 
exogenously applied cannabinoids but also suggest 
that endogenous cannabinoid tone modulates seizure 
termination and duration through activation of the 
CB1 receptor. Western blot and immunohistochemical 
analyses revealed that CB1 -receptor protein expression 
was significantly increased throughout the CA regions 
of epileptic hippocampi. By demonstrating a role for the 
endogenous cannabinoid system in regulating seizure 



activity, these studies define a role for the endogenous 
cannabinoid system in modulating neuroexcitation and 
suggest that plasticity of the CB1 -receptor occurs with 
epilepsy. 



CB 1 Cannabinoid Receptors and On-demand Defense 
Against Excitotoxicity 

Marsicano G, Goodenough S, Monory K, Hermann H, 
Eder M, Cannich A, Azad SC. Cascio MG, Gutierrez SO, 
van der Stelt M, Lopez-Rodriguez ML, Casanova E, Schutz 
G. Zieglgansberger W, Di Marzo V, Behl C, Lutz B 

Science 2003;302:84-88 

Abnormally high spiking activity can damage neurons. 
Signaling systems to protect neurons from the conse- 
quences of abnormal discharge activity have been pos- 
tulated. We generated conditional mutant mice that lack 
expression of the cannabinoid receptor type 1 in prin- 
cipal forebrain neurons but not in adjacent inhibitory in- 
terneurons. In mutant mice, the excitotoxin kainic acid 
(KA) induced excessive seizures in vivo. The threshold 
to KA-induced neuronal excitation in vitro was severely 
reduced in hippocampal pyramidal neurons of mutants. 
KA administration rapidly increased hippocampal levels 
of anandamide and induced protective mechanisms in 
wild-type principal hippocampal neurons. These protec- 
tive mechanisms could not be triggered in mutant mice. 
The endogenous cannabinoid system thus provides on- 
demand protection against acute excitotoxicity in central 
nervous system neurons. 



COMMENTARY 

It has been known for centuries that exogenous cannabi- 
noids, such as tetrahydrocannabinol (the major constituent 
of cannabis), have anticonvulsant activity, but little is known 
about the molecular mechanisms of the cannabinoid system. 
In mammals, a number of endogenous cannabinoids have 
been identified, including 2-arachidonoylglycerol (2-AG) and 
anandamide. Endocannabinoids, like neurotransmitters, are re- 
leased from neurons after membrane depolarization and Ca^"*" 



influx (1). The cannabinoids work through CBl receptors cen- 
trally and CB2 receptors peripherally. The CBl receptor is the 
most highly expressed G protein-coupled receptor in the brain 
and has been implicated in regulation of neuronal excitability 
(2). Two recent studies have advanced our understanding of the 
endogenous cannabinoid system and renewed the interest in 
cannabinoids as a potential treatment (or epilepsy. Both studies 
show that the endogenous cannabinoid system is rapidly acti- 
vated after seizure activity. Wallace and colleagues demonstrated 
that exogenous cannabinoids eflPectively control seizures in a 
rat epilepsy model. Marsicano and colleagues extended the use 
of experimental animal models to determine which neuronal 
circuits are involved in the anticonvulsant effect of cannabi- 
noids. The investigators used conditional knockout mice to 
show that the glutamatci^ic neurons of the forebrain are prin- 
cipally responsible for cannabinoid-mediated protection against 
seizures. 

Wallace et al. used a rat model of temporal lobe epilepsy 
in which animals have seizures for life after treatment with 
pilocarpine. Unlike standard antiepileptic drugs [AEDs; e.g., 
phenobarbital (PB) and phenytoin (PHT)], cannabinoids were 
very effective AEDs in this rat model. This finding implies that 
cannabinoids may offer unique advantages in treating seizures 
refractory to currently prescribed AEDs. Blocking the CBl re- 
ceptor increased both seizure frequency and duration in epilep- 
tic rats but did not cause seizures in control rats, suggesting 
that CB 1 aaivation is a response to seizure activity rather than 
a cause. In support of this idea, the authors found that a sin- 
gle pilocarpine-induced seizure increased levels of 2-AG in the 
hippocampus within 1 5 minutes. 

Marsicano et al. also measured levels of endogenous 
cannabinoids in the hippocampus of mice after kainic acid- 
induced seizures. Unlike in the pilocarpine rat model, they saw 
no increase in 2-AG, but another cannabinoid, anandamide, 
showed transiently increased levels, which peaked 20 minutes 
after injection. Different processing of endocannabinoids in 
different species and/or different experimental conditions (e.g., 
kainic acid vs. pilocarpine) may be responsible for these dif- 
ferences. However, both studies showed rapid endocannabi- 
noid increase in response to seizures. This finding ftirther sup- 
ports the involvement of endogenous cannabinoids in pro- 
tection against seizure activity. The mechanisms causing this 
increase in endocannabinoid levels in the brain are still to 
be determined, but it could be due to enhanced production, 
decreased degradation, or enhanced synthesis of cannabinoid 
precursors. 

In addition to elevated endocannabinoid levels, Wallace 
et al. reported that seizure activity increased levels of CBl- 
receptor protein in the CAl through CA3 regions of the hip- 
pocampus. This supports the idea that plasticity of the en- 
dogenous cannabinoid system occurs in the hippocampus in 



response to seizures. Animals were studied for up to 1 year, 
si^esting the increase in CBl-rcceptor expression is pro- 
longed and probably permanent. To determine which neural 
circuits were involved in CBl -receptor activation in response 
to seizures,- Marsicano et al. produced a conditional knockout 
of the CBl receptor, in which CBl was deleted in principal glu- 
tamatcrgic neurons of the forebrain but still expressed in corti- 
cal y-aminobutyric acid (GABA)ergic interneurons. Complete 
knockout of the CB 1 receptor resulted in increased seizure sever- 
ity. This finding also was observed in the conditional knockouts, 
implying that the principal neurons of the forebrain are neces- 
sary for neuroprotection. 

How does CBl -receptor activation provide neuroprotec- 
tion? In vitro, exogenously applied cannabinoids decrease neu- 
ronal excitability and inhibit glutamatergic transmission (3). 
Marsicano et al. measured glutamatergic excitation of CAl 
pyramidal neurons in an in vitro hippocampal slice prepa- 
ration. Kainic acid significandy increased the glutamatergic 
excitation of neurons obtained from conditional CBl knock- 
out mice, compared with controls. Therefore endogenously re- 
leased cannabinoids might provide neuroprotection by CBl 
receptor-mediated inhibition of glutamatergic transmission, 
Marsicano and colleagues also found evidence that CBl re- 
ceptors activate intracellular signaling cascades, which may con- 
tribute to long-term adaptive cellular changes in response to the 
seizure. 

These studies show that seizures rapidly activate the 
endogenous cannabinoid system, which provides protection 
against excessive neuronal activity by reducing excitability of 
hippocampal pyramidal neurons and activating intracellular 
signaling cascades. Furthermore, CBl receptors on principal 
glutamatergic neurons of the forebrain are primarily respon- 
sible for this action. These studies have improved our knowl- 
edge of the endocannabinoid system, but ftirther investigation 
is required. What causes endocannabinoid levels to increase in 
response to seizures? Which endocannabinoid is important in 
humans: 2-AG, anandamide, or another CBl -receptor ligand? 
Can we target therapy to the critical circuits in the forebrain? 
Smoking marijuana is obviously is not an appropriate therapy; 
in addition to the psychoactive effects, the inhalation of smoke 
poses obvious health risks. To this end, drug companies have 
already isolated the active ingredients in cannabis and produced 
them in the form of a pill or a spray. However, most synthetic 
cannabinoids still have psychoactive effects and are undesirable 
for therapeutics. It may be more beneficial to target cannabi- 
noid transport or degradation systems to increase the levels of 
endogenous cannabinoids. Enhancing the cannabinoid system 
may prove to be an effective treatment for epilepsy, especially 
in cases in which standard drugs (ail to control seizures. 

by Robyn Wallace, Ph.D. 
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ABSTRACT 

Several lines of evidence suggest that cannabinoid compounds 
are anticonvulsant. However, the anticonvulsant potential of can- 
nabinoids and, moreover, the role of the endogenous cannabinoid 
system in regulating seizure activity has not been tested in an in 
vivo model of epilepsy that is characterized by spontaneous, 
recunrent seizures. Here, using the rat pilocarpine model of epi- 
lepsy, we show that the marijuana extract A®- tetrahydrocannab- 
inol (10 mg/kg) as well as the cannabimimetic, 4.5-dlhydro-2- 
methyl-4(4-morpholinylmethyl)-1 -(1 -naphthalenyl-carbonyO-SH- 
pyrrolo[3,2.1-/"y]quinolin-6-one [fl(-f)WIN55,212 (5 mg/kg)], 
completely abolished spontaneous epileptic seizures. Conversely, 
application of the cannabinoid CB^ receptor (CB^) antagonist, 
A/-(piperidin-1-yl-5-{4-chlorophenyl)-1-(2,4-dichlorophenyl)-4- 
methyl-1H-pyrazole-3-carboxamidehydrochloride (SR1 41 71 6A), 
significantly increased both seizure duration and frequency. In 
some animals, CB^ receptor antagonism resulted in seizure dura- 



tions that were protracted to a level consistent with the clinical 
condition status epilepticus. Furthermore, we determined that 
during an short-temri pilocarpine-induced seizure, levels of the 
endogenous CB^ ligand 2-arachidonylglycerol increased signifi- 
cantly within the hippocampal brain region. These data indicate 
not only anticonvulsant activity of exogenously applied cannabi- 
noids but also suggest that endogenous cannabinoid tone mod- 
ulates seizure termination and duration through activation of the 
CBi receptor. Furthenmore, Western blot and immunohistochem- 
ical analyses revealed that CB^ receptor protein expression was 
significantly increased throughout the CA regions of epileptic hip- 
pocampi. By demonstrating a role for the endogenous cannabi- 
noid system in regulating seizure activity, these studies define a 
role for the endogenous cannabinoid system in modulating neu- 
roexcitation and suggest that plasticity of the CB^ receptor occurs 
with epilepsy. 



Characterized by spontaneously recurrent seizures, epi- 
lepsy is one of the most common neurological conditions 
(Hauser and Hesdorffer, 1990). Understanding the factors 
that contribute to seizure initiation and termination has 
important implications for our ability to treat epilepsy and 
for the potential development of novel anticonvulsant agents. 
Previous evidence has suggested that the endogenous canna- 
binoid system may be a novel locus of anticonvulsant activity 
in the brain (Karler et al., 1974; Wallace et al., 2001). Using 
the maximal electroshock model of short-term seizure, our 
laboratory determined that cannabinoid compounds block 
seizure spread via a cannabinoid CBj receptor-dependent 
mechanism (Wallace et aL, 2001, 2002). Further study re- 
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vealed that application of a CBj receptor antagonist lowered 
the electroshock seizure threshold (Wallace et al., 2002), 
indicating that elimination of endogenous cannabinoid tone 
at the CBi receptor may increase seizure susceptibility. 

The CBi receptor is the most highly expressed G-protein- 
coupled receptor in brain (Herkenham et aL, 1990) and has 
been implicated in regulation of neuronal excitability (Wilson 
and NicoU, 2001; Ohno-Shosaku et al., 2002). The endoge- 
nous cannabinoids, arachidonylethanolamine and 2-arachi- 
donylglycerol (2-AG) (Devane et al., 1992; Mechoulam et al., 
1995), are synthesized "on demand" in response to sustained 
neuronal depolarization and elevated intracellular calcium 
levels (Stella et al., 1997); both of these events occur with 
seizure activity (Hauser and Hesdorffer, 1990; Raza et al., 
2001). The neuronal hyperexcitability that accompanies sei- 
zure discharge may stimulate endogenous cannabinoid syn- 
thesis and subsequently result in CBi receptor activation. In 
light of cannabinoid effects on neurotransmission, increased 
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inhibition; SE, status epilepticus; PBS, phosphate-buffered saline; ANOVA, analysis of variance; RM, repeated measures; OA, comu ammonis. 
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CBi receptor activation could influence seizure activity. 
However, no studies have evaluated the role of the endoge- 
nous cannabinoid system in an intact model of epilepsy. 

This study was initiated to evaluate the role of the CBj 
receptor and the endogenous cannabinoid system in regulat- 
ing seizure activity in a long-term model of epilepsy. We used 
the pilocarpine model of temporal lobe, partial-complex epi- 
lepsy; a rat model of acquired, refractory epilepsy that pro- 
duces spontaneous recurrent seizures for the lifetime of the 
animal (Mello et al., 1993; Rice and DeLorenzo, 1998). The 
pilocarpine model has been shown to closely resemble human 
refractory partial-complex epilepsy (Mello et al., 1993; Raza 
et al., 2001). In this study, seizure frequency and dvu-ation 
were determined by continuous electrographic and video re- 
cording of each epileptic animal (Rice and DeLorenzo, 1998). 
The CBi receptor agonists 72(+)WIN55,212 and A^-tetrahy- 
drocannabinol (THC) were evaluated for anticonvulsant effi- 
cacy. In addition to agonist effects on seizure activity, the 
effect of CBi receptor antagonism on seizure frequency and 
duration was evaluated using the specific antagonist 
SR141716A. Hippocampal levels of 2-AG during short-term, 
pilocarpine-induced seizures were measured to determine 
whether a correlation exists between endogenous cannabi- 
noid synthesis and seizure activity. In addition. Western blot 
and immunohistochemical analyses were used to evaluate 
hippocampal CBj receptor protein expression in the brains of 
chronically epileptic and sham control rats. The findings 
presented suggest an anticonvulsant role for the endogenous 
cannabinoid system and demonstrate that long-term plastic- 
ity of the CBi receptor occurs with epilepsy- 



Materials and Methods 

Pilocarpine-induced Status Epilepticus. Male Sprague-Daw- 
ley rats weighing 200 to 250 g were used in accordance with univer- 
sity animal care and use protocols. Animals were housed in single 
cages on a 12-h/12-h light/dark cycle (lights on at 7:00 AM) and were 
provided food and water ad libitum. Animals were made epileptic 
using a modified protocol of Mello et al. (1993) that is well estab- 
lished in our laboratory (Rice and DeLorenzo, 1998). Before pilo- 
carpine injections, animals were administered methylscopolamine 
nitrate (1 mg/kg i.p.) to minimize peripheral, parasympathetic ef- 
fects of pilocarpine treatment. Pilocarpine nitrate (375 mg/kg i.p.) 
was then administered 30 min later. Onset of status epilepticus (SE) 
typically occurred within 20 to 40 min after pilocarpine injection and 
was determined when the animal displayed continuous moderate to 
severe behavioral seizures characterized by forelimb clonus, rearing, 
and falling. 

SE was defined as continuous seizure activity that lasted 30 min 
or longer or intermittent seizures without regaining consciousness 
between seizures that lasted 30 min or longer. The severity of con- 
vulsions was evaluated, and only those animals that displayed be- 
haviors consistent with ongoing SE were used in the study (Rice and 
DeLorenzo, 1998). Seizure activity was terminated by consecutive 
diazepam injections (5 mg/kg i.p., solubilized in 10% ethanol, 45% 
propylene glycol, and 45% HgO) at 1, 3, and 5 h post onset of SE. 
Animals continuing to display seizure activity beyond 6 h post onset 
of SE were euthanized. Control groups were composed of both naive 
and sham control animals that received methylscopolamine nitrate 
and diazepam injections only. Approximately 75% of the SE animals 
developed epilepsy under these conditions, and the mortality rate 
from SE was approximately 10%. SE animals that did not stop 
seizing with diazepam treatment were uncommon and represented 
less than 2% of the animals injected with pilocarpine. 



Epileptic Seizure Monitoring. Seizures were monitored in 
freely moving animals via simultaneous electroencephalographic 
(EEG) and video monitoring at least 3 months after pilocarpine 
treatment (Rice and DeLorenzo, 1998). Electrographic seizures were 
detected via skull surface electrodes implanted 2 to 3 weeks after the 
initial episode of SE or after sham treatment in a manner described 
previously (Perlin et al., 1993). Briefly, animals were put under 
general ketamine/xylazine anesthesia (75 mg/kg ketamine i.p., 7.5 
mg/kg xylazine i.p.), and a midline scalp incision was made to expose 
the skull. Four surface screw electrodes were implanted bilaterally 
2.5 mm from midline, at 2.5 mm posterior to bregma and 2.5 mm 
anterior to lambda. Siurface screw electrodes were connected via 
Teflon-coated stainless steel wire (Medwire, Mount Vernon, NY) to a 
male amphenol pin headset assembly, which was secured to the skull 
with dental acrylic (Hygenic, Akron, OH). Animals were allowed to 
recover for a minimum of 1 month before experimental analysis. 
Both electrographic and behavioral seizures were monitored with 
EEG and video recording, respectively, using a Biomedical Monitor- 
ing System Mobile EEG Unit (Campbell, CA). 

Seizures were evaluated using established techniques (Rice and 
DeLorenzo, 1998) and confirmed by an observer blind to experimen- 
tal treatment. Behavioral epileptic seizures were identified by video 
analysis of animals displaying moderate to severe behavioral sei- 
zures characterized by forelimb clonus, rearing, and falling in con- 
junction with electrographic seizure activity obtained from EEG 
analysis. 

For single-injection experiments, animals were given a 2 to 3 h 
equilibration to the treatment setting and then were briefly anes- 
thetized under halothane anesthesia (Halocarbon Laboratories, 
River Edge, NJ) and injected with either vehicle, S(-)WIN55,212 (5 
mg/kg i.p.), i2(-H)WIN55,212 (5 mg/kg i.p.), SR141716A (10 mg/kg 
i.p.), phenobarbital (40 mg/kg i.p.), phenytoin (100 mg/kg i.p.), or 
THC (30 mg/kg i.p.). All drugs were suspended in a vehicle of abso- 
lute ethanol, Emulphor-620 (Rhone-Poulenc, Inc., Princeton, NJ), 
and 0.9% saline at a ratio of 1:1:18. Brief halothane anesthesia was 
induced in animals before drug ii^ections to minimize unnecessary 
stress, pain, or trauma. Animals fully recovered from anesthesia 
within 2 min afl^r induction. Sham control ii^ected animals received 
identical treatment. 

Multiple drug treatment experiments were conducted in a manner 
similar to single-injection experiments with the exception that each 
animal received, over a period of 10 days, the entire range of drugs 
analyzed in the single-injection experiments. All injections through- 
out the treatment period were administered twice daily at approxi- 
mately 10:00 AM and 6:00 PM under brief halothane anesthesia. For 
the multidrug treatment experiments, animals were monitored for 
baseline seizure fi-equency and duration for 1.5 days before initiation 
of the dosing regimen. Animals were then consecutively treated with 
vehicle solution for 1 day, S(-)WIN55,212 (5 mg/kg i.p.) for 1.5 days, 
i2(+)WIN55,212 (5 mg/kg i.p.) for 2.5 days, a 2-day drug-free period 
during which the animals received no injections, SR141716A (10 
mg/kg i.p.) for 1 day, and finally a 1-day drug-free period. Only 
generalized tonic-clonic seizures were counted and later confirmed 
by an observer blind to experimental treatment. Methylscopolamine 
nitrate, pilocarpine nitrate. S(-)WIN55,212, K(+)WIN55.212, phe- 
nytoin, and diazepam were purchased from Sigma-Aldrich (St. Louis, 
MO). SR141716A and THC were supplied through the National 
Institute on Drug Abuse Chemical Synthesis and Drug Supply Pro- 
gram. 

Measurement of Hippocampal 2-AG Levels. Pilocarpine was 
used to acutely induce seizure activity in naive, male. Sprague- 
Dawley rats weighing 200 to 250 g. In these studies, animals were 
injected with scopolamine and 375 mg/kg i.p. pilocarpine as de- 
scribed under Pilocarpine-induced Status Epilepticus and were sac- 
rificed at 15 min post onset of status epilepticus. Age-matched, sham 
control animals were also sacrificed. Hippocampi were immediately 
dissected and flash frozen in liquid nitrogen. 2-AG was isolated and 
detected using high-performance liquid chromatography-mass spec- 
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troscopy according to previously published methods (Di Marzo et al., 
2000). 

Western Blot Protocol. Gel electrophoresis was carried out on 
rat hippocampal neuronal membrane preparations from 1 year after 
SE. epileptic, and age-matched, sham-treated animals. After moni- 
toring of epileptic animals to verify seizure activity, the rats were 
sacrificed, and hippocampal tissue was harvested on ice. Hippocampi 
were homogenized in 50 mM Tris, pH 7.5, 6 mM EGTA, 320 mM 
sucrose, 1 mM dithiothreitol, and 0.3 mM phenylmethylsulfonyl 
fluoride, and neuronal membranes were isolated by centrifugation 
(Morris et al., 2001). Before electrophoresis, membrane samples 
were thawed on ice, and protein concentration per sample was cal- 
culated using the MicroBradford reagent system (Bio-Rad, Hercules, 
CA) quantified using a UV-2101PC ultraviolet spectrophotometer 
(Shimadzu, Kyoto, Japan). Samples were balanced to 5 fig protein/ 
gel lane and denatured in ^-mercaptoethanol and loading dye buffer. 
Samples were then heated to 90"C for 5 min in a programmable 
thermal controller PTClOO (MJ Research, Watertown, MA) and al- 
lowed to cool to room temperature before loading onto a 10% Tris- 
HCl Ready Gel (Bio-Rad). A colorimetric molecular mass marker 
including standards ranging from 10 to 182 kDa (ProSieve; Cambrex 
Bio Science Rockland, Inc., Rockland, ME) was loaded onto the last 
lane of the gel to aid in determining protein size. Gels were assem- 
bled into a MiniProtean II Electrophoresis System (Bio-Rad) and 
resolved for 90 min at 220 V constant in Tris buffer (Bio-Rad). After 
electrophoresis, gels were Western blot transferred to Immobilon 
nylon membrane (Millipore Corp., Bedford, MA) for 2 h at 4**C using 
a Genie transfer apparatus (IDEA Scientific, Minneapolis, MN) at a 
constant 200 V. Transfer buffer consisted of Tris-glycine buffer con- 
taming 10% methanol. After transfer, the Western blot was stored in 
phosphate-buffered saline at 4'C overnight. Gels were stained for 
protein and quantitated for microtubule-associated protein 2 and 
tubulin protein levels as described previously (Morris et al., 2001). 

Immunostaining of the Western blot was performed by first block- 
ing the membrane in buffer composed of 3% blotting grade blocker 
(Bio-Rad) and 0.05% Tween 20 in phosphate-buffered saline for 45 
min at room temperature. Rabbit (polyclonal) anti -cannabinoid CBi 
receptor unconjugated primary antibody (Biosource International, 
Camarillo, CA) was added to the blocking solution at a concentration 
of IjLig/ml, and the membrane was incubated for 90 min at room 
temperature. After primary antibody incubation, the membrane was 
washed for a total of 15 min (three times for 5 min each) in phos- 
phate-buffered saline. The membrane was then reblocked in fresh 
blocking buffer for 30 min. Anti-rabbit IgG-horseradish peroxidase- 
conjugated antibody (Santa Cruz Biotechnology, Inc., Santa Cruz, 
CA) was then added to the blocking solution in a 1:2000 dilution, and 
the membrane was incubated for a final 45 min. Western blots were 
washed (three times for 5 min each) in PBS arid incubated for 5 min 
in SuperSignal (Pierce Chemical, Rockford, IL) for enhanced chemi- 
luminescent analysis. Chemiluminescent images were visualized us- 
ing Kodak X-Omat Blue XB-1 X-ray film (Eastman Kodak, Roches- 
ter, NY) and developed using a Kodak M35A X-Omat Processor 
(Eastman Kodak). Film images were digitized using a gel scanner 
and analyzed by computer-assisted densitometry (Amersham Bio- 
sciences Inc., Piscataway, NJ). Using the molecular mass marker as 
reference, the protein band was determined to correspond to a mass 
of 64 kDa. 

Immunohistochemistry. Four epileptic and four control rats 
were transcardially perfused with isotonic saline, and brains were 
quick frozen and stored at -80°C in embedding compound (Sakura 
Inc., Japan). Cryostat sections (10 p.M) were fixed in acetone and 
prepared for immunostaining using established techniques (Pettit et 
al., 1998). CBi receptor protein immunoreactivity for each animal 
was evaluated using more than 15 tissue sections. Briefly, tissue 
sections were blocked in bovine serum for 1 h and then incubated 
with CB, antiserum at 5.0 ptg/ml for 1 h at room temperature. Tissue 
slices were then washed in PBS (three washes, each for 5 min), 
followed by biotinylated anti-rabbit IgG at 1:200 dilution for 30 min 



at room temperature. After again washing in PBS for 15 min, CBj 
receptor immunoreactivity was visualized by exposure to avidin- 
biotin complex and 3-3'-diaminobenzidine (Vector Laboratories, Bur- 
lingame, CA). Adjacent tissue sections were evaluated morphologi- 
cally using Nissl stain. Stained tissue sections were evaluated using 
a binocular microscope (Olympus America Inc., Melville. NY) and 
were photographed using a digital camera (Olympus America Inc.). 
Images were analyzed using Analysis software (Soft Imaging System 
Corp., Lakewood, CO). 

Statistical Analyses. Results are given as means ± S.E.M. Sta- 
tistical comparisons were made using SigmaStat software (SPSS 
Science, Chicago, IL). The Student^s t test, one-way analysis of vari- 
ance (ANOVA), and the repeated measures (RM) one-way ANOVA in 
coiyunction with the post hoc Tukey test were used where appropri- 
ate. Graphs were generated using Origin 6.1 software (OriginLab 
Corp, Northampton, MA). 

Results 

Modulation of the CBi Receptor Alters Seizure Fre- 
quency in the Rat Pilocarpine Model of Epilepsy, Epi- 
leptic rats manifested an average of 3.0 (± 0.9) seizures per 
10-h period. Representative control and epileptic seizure 
EEC patterns are shown in Fig. 1. Control animals never 
manifested EEG or behavioral seizures. Administration of 
the CBi receptor agonists /i(+)WIN55,212 (5 mg/kg i.p.) (Fig. 
1 and 2A) and THC (30 mg/kg i.p.) (Fig. 2A), the primary 
psychoactive active compound in marijuana, completely ter- 
minated both behavioral and electrographic seizures in this 
refractory seizure model (p < 0.05). i2(+)WIN55,212 and 
THC began having anticonvulsant effects at 0.5 and 5 mg/kg 
i.p., respectively. The dose response evaluation of these com- 
pounds revealed approximate ED50 values of 1 mg/kg i.p. for 
i?(+)WIN55,212 and 15 mg/kg i.p. for THC. The concentra- 
tions of THC and i?(+)WIN55,212 required to inhibit sei- 
zures in this model were similar in effect and dose to their 
ability to inhibit maximal electric shock-induced seizures 
(Wallace et al., 2001), and this concentration of THC has 
been shown to have anticonvulsant effects in other seizure 
models (Wada et al., 1975; Karler and Turkanis, 1980; Cola- 
santi et al., 1982). At the maximal anticonvulsant doses of 
THC and 1?(+)WIN55,212, the animals were not significantly 
sedated and were alert enough to be able to move freely in the 
their cages. These ED50 values are below the ED50 values for 
f?(+)WIN55,212 and THC in decreasing spontaneous activity 
and similar to the concentrations used to cause hypothermia 
and analgesia (Wallace et aL, 2001). Thus, the anticonvul- 
sant effects of THC and H(+)WIN65,212 are in the same 

Control ^ 



Epileptic 




Epileptic + (-)WIN 
Epileptic ^ (^)WIN 



30 sec 




Fig. 1. The effects of CB^ receptor modulation on epileptiform activity in 
control and epileptic animals. Representative EEG recordings of control, 
epileptic, S{-)WIN55.212-, l(-)WINl-treated (5 mg/kg i.p.) epileptic an- 
imals and /?[(+)WIN155,212-. ((+)WINI -treated (5 mg/kg i.p.) epileptic 
animals. Treatment with i?(+)WIN55,212 (5 mg/kg i.p.) completely abol- 
ished seizure activity. 
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Fig. 2. The eflects ofCB^ receptor activation and blockade on the seizure 
frequency of epileptic rats demonstrated in single-ii^ection experiments. 
A, seizure frequency per 10 h for baseline (base) and treatment with 
vehicle (Veh), S(-)WIN55.212; {(-)WIN1 (5 mg/kg i.p.). i?(+)WIN55.212, 
[(+)WIN] (5 mg/kg i.p.), SR141716A (SR) (10 mg/kg i.p.), and THC (30 
mg/kg i.p.). Data represent mean ± S.E. (n = 6 per drug treatment; *,p ^ 
0.05; ★★,p < 0.001). B, inhibition of seizure activity at high therapeutic 
concentrations (Morris et al., 2001) by the anticonvulsants phenobarbital 
(PB; 40 mg/kg i.p.) and phenytoin (PHT; 100 mg/kg i.p.) and the canna- 
binoids THC (30 mg/kg i.p.) and J2(+)WIN55,212, (+)WIN (5 mg/kg i.p.) 
(n = 6 per drug treatment; *, p 0.01 in comparison with epileptic 
animals). Only THC and (+)WIN completely abolished seizure activity. 
These single-injection experiments directly evaluated the effects of each 
agent on seizure frequency in multiple animals. 

concentration range of some of the other physiological effects 
of the cannabinoids but below sedative concentrations. The 
inactive isomer, S(-)WIN56,212 (5 mg/kg i.p.), and drug 
vehicle alone had no effect on seizure frequency (Fig. 1 and 
2A). The enantioselectivity of the anticonvulsant effect of 
i2(+)WIN55,212 strongly indicates that this compound is 
acting via a CBi receptor-specific mechanism. Maximally 
effective doses that produce high therapeutic blood levels of 
phenobarbital (40 mg/kg i.p.) and phenytoin (100 mg/kg i.p.), 
well established anticonvulsants, do not completely inhibit 
seizure activity in this model of refractory epilepsy (Leite and 
Cavalheiro, 1995; Morris et al,, 2001). Because of the inabil- 
ity of these standard anticonvulsants to completely block 
seizures when used in high therapeutic levels in this model, 
the pilocarpine model of epilepsy is considered a model of 
refractory or difficult-to-control seizures with conventional 
anticonvulsant agents. The cannabinoids were very effective 
anticonvulsants in this model at a concentration that did not 
produce sedation but completely abolished seizures. Pheno- 



barbital and phenytoin at very high concentrations were not 
as effective. Thus, treatment of animals with phenobarbital 
and phenytoin was less efficacious than cannabinoids in pre- 
venting behavioral and electrographic seizures produced in 
this model (Fig. 2B), indicating that cannabinoids may offer 
imique advantages in treating seizures refractory to cur- 
rently prescribed anticonvulsants. 

Seizure characteristics can vary between animals, a limit- 
ing factor in the interpretation of data. Therefore, to increase 
the statistical power of the study, we tested the effects of 
cannabinoids on seizure frequency and duration by system- 
atically treating a group of eight epileptic animals over a 
10-day period with a multiple drug treatment regimen. This 
paradigm consisted of baseline (1.5 days), drug vehicle (1 
day), S(-)WIN55,212 (5 mg/kg i.p.) (1.5 days), 
i2(+)WIN55,212 (5 mg/kg i.p.) (2.5 days) followed by a drug- 
free period (2 days), SR14i716A (10 mg/kg i.p.) (1 day), and 
ending with a drug-free period (1.5 days) (Fig. 3A), Seizure 
frequency for these epileptic animals during baseline record- 
ing ranged between one and three per 12-h recording inter- 
val. Treatment with vehicle or the inactive isomer 
jS(-)WIN55,212 had no statistically significant effect on sei- 
zure frequency (Fig. 3, A and B). Conversely, treatment with 
i?(+)WIN55,212 abolished seizures in all eight animals used 
in this treatment paradigm (Fig, SB; p < 0.05). During the 
drug-free period after treatment with 2?(+)WIN55,212, sei- 
zure frequency increased slightly above baseline (Fig. 3, A 
and B). The observed increase in seizure frequency after 
cannabinoid cessation is consistent with the withdrawal phe- 
nomenon and rebound hyperexcitability described in other 
behavioral studies (Karler et al., 1986). However, this re- 
bound effect was transient, with seizure frequency in most 
animals returning to levels similar to baseline by the later 
half of the second day of drug withdrawal. On day 9, we 
administered a single injection of SR141716A that produced 
a significant but reversible increase in seizure frequency 
compared with baseline or the drug withdrawal seizure fre- 
quency (Fig. 3, A and B), supporting the hypothesis that 
endogenous cannabinoids act tonically to dampen neuronal 
hyperexcitability. The effect of SR141716A was significantly 
elevated above the baseline and the reboimd periods. In 
addition, SR141716A treatment alone clearly produced in- 
creased seizure frequency in epileptic animals (Fig. 2A), The 
multiple treatment experiments demonstrated a tolerance 
effect. Long-term administration of cannabinoids affected 
seizure frequency when the cannabinoids were discontinued. 
Further study of the tolerance effect of the cannabinoids on 
the CBj receptor in epileptic animals is an important area for 
further investigation but is beyond the scope of the present 
study. 

Antagonism of the CB^ Receptor Significantly In- 
creases Seizure Frequency and Duration. Administra- 
tion of SR141716A to epileptic rats resulted in a statistically 
significant increase in seizure frequency (Fig. 2A and 3B; p < 
0.01). Figure 4 compares 60 min of continuous EEG recording 
before and after SR141716A treatment in an epileptic ani- 
mal. This EEG recording is representative of the increased 
seizure frequency observed in all animals treated with 
SR141716A. Several SR141716A-treated animals developed 
SE, a severe prolonged seizure condition associated with a 
high morbidity and mortality (DeLorenzo et al,, 1996). In 
these animals, EEG seizure activity was nearly continuous, 
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Fig. 3. The effects of CBj receptor activation and blockade on the seizure frequency in eight epileptic rats sequentially treated with a multiple drug 
regimen that includes a CBj receptor agonist and antagonist. These experiments evaluate the effects of each drug in comparison with the other drugs 
in the same animal. A, seizure frequency per 12 h in a representative epileptic animal after consecutive administration of vehicle, S(-)WIN55,212, 
(-)WIN (5 mg/kg i.p.). iJ(+)WIN55;212, (+)WIN (5 mg/kg i.p.), H(+)WIN55,212 (5 mg/kg i.p.) washout (W wash), SR141716A, SR (10 mg/kg i.p.), and 
SR141716A washout (SR wash). Bars represent the number of seizures observed in a representative epileptic animal for each 12-h monitoring period. 
B. mean seizure frequency (per 12 h) of eight epileptic animals treated with the same drug regimen shown in Fig. 3A. This figure presents the mean 
data for the multiple drug experiments for each experimental condition and analyzes the data statistically. Data represent the mean ± S.E. (seizures 
per 12 h) (n = 8; RM ANOVA; *, p < 0.05; **. p £ 0.01). 

mg/kg i.p.) did not induce seizures in control animals (Fig. 4). 
The effect of SR141716A was only observed in the epileptic 
animals, and this compound did not cause hyperexcitability 
in control or naive animals. 

To further evaluate the role of endogenous CBj receptor 
activation on seizure termination, we quantified the duration 
of individual seizure events within each drug treatment pe- 
riod (Fig, 5, A and B). In all animals monitored, EEG seizures 
directly coincided with behavioral seizures observed on video 
recording. During vehicle and S{-)WIN55,212 treatments, 
seizure duration was not significantly altered firom baseline. 
Treatment with the CBi receptor antagonist, SR141716A, 
caused a significant increase in seizure duration (p ^ 0.01; 
Fig, 5, A and B). Prolongation of seizure discharge by 
SR141716A is apparent in the EEG patterns of representa- 
tive seizure events (Fig. 5A). 

Hippocampal Levels of 2-AG Increase during Sei- 
zure Activity. 2-AG synthesis occurs during neuronal depo- 
larization in a Ca^^-dependent manner (Stella et al., 1997). 
Sustained neuronal depolarization and elevated intracellular 
Ca^"^ are known to accompany seizure activity (Raza et al., 
2001), We have previously shown that endogenous cannabi- 
noids are anticonvulsant and this anticonvulsant activity of 
the endocannabinoids could be blocked by SR141716A (Wal- 
lace et al., 2002). If the endogenous cannabinoid system 
contributes to epileptic seizure termination, seizure activity 
in an intact animal would be expected to increase synthesis of 
endogenous cahnabinoids. The hippocampal brain region is a 
locus of epileptic seizure activity (Lothman et al., 1991); 
therefore, we sought to determine the effect of status epilep- 
ticus on hippocampal levels of 2-AG. Pilocarpine-injected an- 
imals were sacrificed afl^er 15 min of pilocarpine-induced 
seizure activity along with sham controls. Levels of 2-AG in 
hippocampal extracts were determined according to previ- 
ously pubhshed methods (Di Marzo et al., 2000). In acutely 
seizing animals, endogenous 2-AG levels were significantly 
increased compared with controls (Fig. 5C; p ^ 0.05). The 
data demonstrate that a single pilocarpine-induced seizure 
can increase the level of the endogenous cannabinoid 2-AG in 
hippocampal tissue. We have also demonstrated that 
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Fig. 4. Antagonism of the CBj receptor by SR141716A (10 mg/kg i.p.) 
caused increased seizure frequency and produced status epilepticus in 
some animals. The data represent EEG and behavioral seizures observed 
over the 1-h recording period for epileptic and epileptic + SR conditions. 
These recordings represent continuous EEG recordings from an epileptic 
rat 60 min before and 60 min after treatment with SR141716A. Arrows 
represent individual seizures. The representative EEG recording from an 
epileptic animal manifested one spontaneous recurrent seizure in the 1 h 
of recording. SR treatment in epileptic animals caused a marked increase 
in seizure frequency. During the numerous seizures shown for 
SR141716A treatment in the 1-h recording, the animal was not respon- 
sive in between seizures for more than 30 min. Thus, SR 14 17 16 A pro- 
duced status epilepticus in this animal, employing the standard defini- 
tion of SE that includes intermittent seizure activity lasting for inore 
than 30 min without regaining consciousness between seizures. The 
Control + SR representative EEG recording demonstrates that treat- 
ment of control (nonepileptic) animals with SR141716A did not produce 
seizure activity. 



and animals were unresponsive to external stimuli with loss 
of righting reflex for 30 min or more. SR141716A (10 mg/kg 
i.p.) has been shown to inhibit the anticonvulsant effects of 
cannabinoids and endocannabinoids (Wallace et al., 2001, 
2002). SR141716A was also effective in blocking the anticon- 
vulsant effects of THC and /2( + )WIN55,212 at 5 mg/kg i.p. 
We choose to use the higher concentration of SR141716A to 
obtain a clear antagonist effect. In addition, SR141716A (10 
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Fig. 5. CBi receptor-dependent regulation of seizure duration in epileptic 
rats. A, a representative EEG recording of a seizure in an epileptic (Base) 
and an epileptic animal treated with SR141716A (SR) (10 mg/kg i.p.) 
demonstrating increased seizure duration produced by SR. B, mean sei- 
zure duration for the treatments shown in Fig. 3B. Data represent the 
mean ± S.E. in = 8 animals; RM ANOVA; p ^ 0.01). C, hippocampal 
endogenous 2-AG levels in control and seizure animals (15 min after 
seizure onset). The data represent the mean ± S.E. (n = 7; *, p s 0.01; 
Student's t test) 

SR141716A (10 mg/kg i.p.) inhibited the anticonvulsant ef- 
fects of endocannabinoids (Wallace et al., 2002). 

Increased Hippocampal CB^ Receptor Expression in 
Epileptic Rats. Because CBj receptor activation was shown 
to alter seizure frequency and duration, we sought to evalu- 
ate possible changes in CB^ receptor expression in the hip- 
pocampi of epileptic animals. Using Western blot analyses, 
we compared sham control with epileptic hippocampal neu- 
ronal membranes and found a significant increase in epilep- 
tic brains of the expression of the 64-kDa molecular mass 
CBi receptor protein (Cichewicz et al., 2001) (Fig. 6A). Quan- 
tification of the bands shown in Fig. 6 A revealed that expres- 
sion of this protein was increased 183% in the hippocampi of 
epileptic rats compared with sham-treated animals (Fig. 6B; 
p s 0.01), indicating that a long-term plasticity change in the 
expression of the CBj receptor occurs with epilepsy. Western 
blot values were further corrected using the internal mem- 
brane protein markers tubulin and microtubule-associated 
protein 2 proteins (data not shown). After correcting canna- 
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Fig. 6. CBi receptor expression is increased in hippocampal neuronal 
membranes of epileptic rats. A, representative Western blot of sham 
control (C) and epileptic (E) hippocampal neuronal membranes. The band 
visualized corresponded to the 64-kDa CB^ receptor protein (Cichewicz et 
al., 2001). B, mean optical densities (arbitrary units) of CB^ receptor 
protein expression in hippocampal membranes of epileptic and sham 
control rats in = S; p ^ 0.01; Student's t test). Epileptic CB^ receptor 
protein was increased by 183%. 

binoid protein levels to internal protein standards, we still 
observed a significant increase in the CBj receptor expres- 
sion in epileptic animals (data not shown). 

To evaluate the anatomical distribution of this increase in 
CBi receptor expression in epileptic brains, we conducted 
immunohistochemical staining of CBj receptor protein on 
coronal hippocampal sections using established techniques 
(Pettit et al., 1998). Figure 7, A and B, shows representative 
patterns of cellular Nissl staining in sham control and epi- 
leptic hippocampi. No apparent changes in hippocampal mor- 
phology were observed in epileptic versus sham control ani- 
mals, with the exception of minimal cell loss in the CAl 
region (less than 10%), as described previously (Rice and 
DeLorenzo, 1998). Representative pseudocolor-enhanced im- 
ages of CBi receptor protein staining of epileptic and sham 
control hippocampal sections illustrate a dramatic increase 
in CBi receptor expression in epileptic hippocampi (Fig. 7, C 
and D). CB^ receptor protein staining was most dramatically 
increased in the CAl through CA3 regions of the hippocam- 
pus, with the highest increase localized to the dendritic syn- 
aptic areas of CA2 and CAS (Fig. 7, E-G). The dentate gyrus 
did not show a corresponding increase in CB^ receptor ex- 
pression. 

Discussion 

In the present study, we report that the endogenous can- 
nabinoid system plays a critical role in modulating seizure 
activity in epilepsy. Both cannabinoids, THC and 
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Fig. 7. Immunohistochemical detection of CB^ receptor expression in 
control and epileptic hippocampi. Representative Nissl staining of control 
(A) and epileptic (B) sections. Representative pseudocolor-enhanced im- 
munohistochemical staining of the CB^ receptor protein in control (C) and 
epileptic (D) sections. The increase in CBj receptor protein expression 
observed in epileptic hippocampi was representative of four epileptic 
versus four control animals, 15 tissue sections per animal. High magni- 
fication of CBj receptor immunoreactivity of sham control (E) and epi- 
leptic (G) hippocampal formation demonstrated increased staining in the 
dendritic fields of the CA2 and CA3 regions of epileptic animals. Arrows 
indicate the location of the CA2 through CAS pyramidal neurons. High 
magnification of pseudocolor-enhanced images of sham control (F) and 
epileptic (H) CA2 and CA3 regions. Bars in A through D represent 2 mm. 
Bars in E through H represent 200 fim. Red, highest level on color scale. 
The results shown are representative of several experiments. 

i2(+)WIN55,212, were anticonvulsant in the rat pilocarpine 
model of acquired, refractory epilepsy. Antagonism of the 
CBi receptor by SR141716A caused a marked increase in 
seizure frequency and duration, indicating that endogenous 
activity of the CBi receptor strongly influences seizure activ- 
ity. By antagonizing the CBj receptor, we blocked its activa- 
tion by endogenoxis cannabinoids and thereby elicited a sus- 
tained seizure response that often resembled the clinical 
phenomenon status epilepticus. The rise in endogenous 2-AG 
levels that occurred during short-term, pilocarpine-induced 
seizure demonstrates that seizure activity can increase the 
levels of 2-AG and further suggests a modulatory role for 
endogenous cannabinoids in epilepsy. Additionally, using 
Western blot and immunohistochemical techniques, we de- 
termined that hippocampal CB^ receptor expression in epi- 
leptic animals was significantly increased over sham con- 
trols. These changes were primarily observed in the CAl 
through CAS regions of the hippocampus, indicating that 
plasticity of the endogenous cannabinoid system occurs in 
this brain region in response to epilepsy. These data provide 
evidence that the CBj receptor and the endogenous cannabi- 
noid system play a critical role in dgmipening epileptic neu- 
roexcitation, Piomelli's group (Rodriguez de Fonseca et al., 
2001) has demonstrated that it is possible to trigger phy- 
siological effects of cannabinoids without producing the 
unwanted behavioral or psychoactive effects of these com- 
pounds. Thus, the development of anticonvulsant cannabi- 
noids that do not produce unwanted side effects is an impor- 
tant area for further research to develop novel therapeutic 
agents to treat intractable seizures. 

Epilepsy Increases Hippocampal CBx Receptor Ex- 
pression. The findings presented in this study demonstrate 
that a significant change in CB^ receptor expression occurs 



with the epileptic phenotj^e. The animals used in this study 
had been epileptic for nearly 1 year, indicating that this 
change in CB^ receptor expression is prolonged and probably 
permanent. CB^ receptor expression has also been shown to 
increase in an animal model of stroke (Jin et al., 2000), a 
condition, like epilepsy, that is associated with excessive 
glutamate release and the development of seizures. The ob- 
servation that the cannabinoid receptor is up-regulated in 
ischemia and epilepsy implies a compensatory role for the 
receptor in mitigating excitotoxdcity. In light of the anticon- 
vulsant effect of both i2(+)WIN55,212 and THC, as well as 
the proconvulsant action of the CB^ receptor antagonist in 
this epilepsy model, we propose that the increase in CB^ 
receptor expression displayed in epileptic brains was a com- 
pensatory rather than a causal factor of seizure manifesta- 
tion and served to dampen seizure activity. The increased 
CBj receptor expression displayed in the hippocampi of epi- 
leptic animals was regionally specific, occurring in the CA 
dendritic field and hot in the dentate gyrus. This increase in 
CBi receptor expression was demonstrated up to 1 year after 
the induction of epilepsy and thus demonstrates a long-last- 
ing or permanent plasticity change in the brain that may 
play a role in the pathophysiology of epilepsy. The functional 
relevance of this differential increase in CB^ receptor expres- 
sion may be revealed by further study. 

Anticonvulsant Action of Cannabinoids. Recent dis- 
coveries in the cannabinoid field have demonstrated that 
cannabinoids ameliorate symptoms associated with neuronal 
hyperexcitability. In models of multiple sclerosis (Baker et 
al., 2000) and Huntington's disease (Lastres -Becker et al., 
2002), CBi receptor activation significantly reduced spastic- 
ity and tremor, and exogenous application of 2-AG has been 
shown to be neuroprotective after traumatic brain injury 
(Panikashvili et al., 2001). Furthermore, in in vitro and in 
vivo studies of ischemia, cannabinoids significantly de- 
creased excitotoxic neuronal cell death that resulted from 
excessive glutamatergic transmission (Abood et al., 2001). 
These cannabinoid actions are believed to involve attenua- 
tion of glutamate release. At the molecular level, the anti- 
convulsant mechanism of cannabinoids is unknown. How- 
ever, because modulation of presynaptic neurotransmitter 
release is believed to be a primary result of CB^ receptor 
activation, we believe that this mechanism may underlie 
cannabinoid anticonvulsant properties. CBi receptor activa- 
tion is known to decrease calcium influx through N- and 
P/Q-type Ca^^ channels (Mackie and Hille, 1992), the result 
of which is decreased Ca^"^ -dependent glutamate release. 
Glutamate is the primary excitatory neurotransmitter of the 
central nervous system. Although critical for normal neuro- 
transmission, elevated levels of glutamate are associated 
with excitotoxicity and excessive glutamatergic transmission 
is a hallmark of epilepsy (Lothman et al., 1991). With ele- 
vated levels of glutamate detected in epileptic tissue (Loth- 
man et al., 1991), decreased release of this neurotransmitter 
would be a logical cannabinoid anticonvulsant mechanism. 
CBi receptor activation also increases the conductance of 
presynaptic A-type (Hampson et al., 1995) and G-protein- 
coupled inward rectifying channels (Mackie et al., 1995). 
Increased K"^ channel permeability attenuates neuronal 
bursting and stabilizes membrane potential, additional fac- 
tors that would contribute to decreased epileptiform dis- 
charge. Preliminary data from our group indicates that CBi 
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knockout animals have spontaneous seizures, further sug- 
gesting an endogenous role for the CB^ receptor in control- 
ling neuronal excitability. 

CBj receptor activation has also been shown to decrease 
GABAergic function in the hippocampus. In particular, en- 
dogenous cannabinoids are believed to be retrograde media- 
tors of depolarization-induced suppression of inhibition (DSI) 
(Wilson and NicoU, 2001). The overall effect of DSI at the 
synapse is disinhibition of the postsynaptic neuron and, 
therefore, facilitation of excitatory transmission. In light of 
the increased neiuronal excitability that may result from this 
action, decreased GABAergic tone most probably does not 
mediate the anticonvulsant mechanism of cannabinoids. 
However, Cohen et al. (2002) recently demonstrated that the 
GABAergic system, normally an inhibitory neurotransmit- 
ter, can become a depolarizing force capable of synchronizing 
abnormal bursting in human epileptic, temporal lobe, brain 
slice preparations. If this phenomenon were to occur within 
the brains of animals with pilocarpine*induced epilepsy, then 
a cannabinoid-mediated decrease in GABAergic tone may 
indeed be anticonvulsant. 

A more probable explanation for the anticonvulsant action 
of cannabinoids lies in the possibility that the pathology of 
epilepsy causes a compensatory shift to occur in the balance 
between CBj receptor-mediated inhibition of presynaptic 
glutamate and GABA release. In support of this, recent stud- 
ies have shown that, in a manner similar to DSI, depolariza- 
tion-induced suppression of excitation can be induced in hip- 
pocampal tissue (Ohno-Shosaku et al., 2002). The induction 
of this phenomenon was dependent on the sensitivity of the 
presynaptic neuron to cannabinoids as well as the duration of 
postsjmaptic depolarization. With extended depolarization, 
the result of CB^ receptor activation was a shift from DSI to 
depolarization-induced suppression of excitation. Therefore, 
the extended neuronal depolarization of an epileptiform dis- 
charge may cause a switch from suppression of GABA release 
to suppression of glutamate release. 

Synthesis of the endogenous cannabinoid 2-AG is behoved 
to occur in a calcium-dependent, "on-demand" fashion from 
arachidonic acid-enriched membrane phospholipids. During 
a seizure, elevated intracellular Ca^^ results from prolonged 
neuronal depolarization (Raza et al., 2001). Because in- 
creased hippocampal levels of 2-AG were detected 15 min 
into a seizure and CB^ receptor antagonism resulted in pro- 
longed seizure, duration, we believe that seizure-induced in- 
creases in intracellular calcium result in the de novo synthe- 
sis of endogenous cannabinoids that then bind the CB^ 
receptor to terminate seizure discharge, forming a negative 
feedback loop. This increase in 2-AG occurred in comparison 
with sham animals and was shown to be dependent on sei- 
zure activity and not manipulation of the animals or drug- 
specific effects. Additional evidence of compensatory endog- 
enous cannabinoid release during seizure activity is provided 
by studies that show elevated 2-AG after injection of the 
chemoconvulsant picrotoxin (Sugiura et al., 2000). 2-AG is 
known to bind the CBi receptor with high affinity in a man- 
ner that is blocked by coadministration of SR141716A. 

Several factors in addition to increased production of 2-AG 
could explain seizure-induced increase in the levels of this 
compound. Alternatively, increased 2-AG levels during sei- 
zures may be the result of decreased function of the fatty acid 
amidohydrolase enzyme that is known to be responsible for 



the catalysis of the compound. Increased receptor sensitivity 
and reducing cannabinoid catabolism during seizure activity 
could also account for the net increase in 2-AG observed after 
seizure activity. Further study may reveal which mechanism 
generates this increase in hippocampal 2-AG. 

Therapeutic Implications for Csuinabinoids in the 
Treatment of Epilepsy. Seizures in patients with refrac- 
tory, partial-complex epilepsy can be difficult to control de- 
spite the use of currently available anticonvulsant medica- 
tions and surgical interventions. Therefore, there is a clear 
need for the development of more effective anticonvulsant 
agents. Some epilepsy patients, seeking alternative treat- 
ments, have perceived improvement with marijuana (Con- 
sroe et al., 1975). This has prompted several countries to 
consider the legalization of marijuana for epilepsy treatment 
(National Institutes of Health, 1997; R. v. Parker, 1997; 
House of Lords Select Committee on Science and Technology, 
1998). The pilocarpine model represents a refractory epilep- 
tic condition that is not readily treated by conventional an- 
ticonvulsants (Leite and Cavalheiro, 1995; Morris et al., 
2001). Our results demonstrate that activation of the CBi 
receptor by cannabinoid drugs and possibly endogenous li- 
gands significantly alters seizure activity and is more effec- 
tive than conventional anticonvulsants in treating the refrac- 
tory seizures produced in the pilocarpine model. Although 
the dose dependence and long-term effects of cannabinoid 
administration on epilepsy must be further investigated, the 
results presented here provide evidence that warrants a com- 
prehensive assessment of cannabinoid use in the control of 
refractory epilepsy via the use of animal models and placebo- 
controlled clinical trials. Although the psychoactive side ef- 
fects of cannabinoids make their use in the treatment of 
epilepsy impractical, understanding the mechanisms of en- 
dogenous cannabinoid-mediated anticonvulsant action may 
lead to the development of novel compounds that do not 
manifest behavioral toxicity. Further investigation of the 
cannabinoid anticonvulsant phenomenon may illuminate 
novel therapeutic targets for the treatment of temporal lobe 
epilepsy as well as more clearly define the physiological func- 
tion of the endogenous cannabinoid system in brain. 
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Abstract 

The cannabinoid CB, receptor has been shown to be the primary site of action for cannabinoid-induced effects on the central nervous 
system. Activation of this receptor has proven to dampen neurotransmission and produce an overall reduction in neuronal excitability. 
Cannabinoid compounds like A'-tetrahydrocannabinol and cannabidiol have been shown to be anticonvulsant in maximal electroshock, a 
model of partial seizure with secondary generalization. However, until now, it was unknown if these anticonvulsant effects are mediated 
by the cannabinoid CBi receptor. Likewise, (^)-( + )-[2,3-Dihydro-5-methyl-3-(4-morpholinylmethyl)pyrrolo[l,2,3-de]-l,4-benzoxazin-6- 
yl]-l-naphthaIenylmethanone (WIN 55,212-2), a cannabimimetic compound that has been shown to decrease hyperexcitability in cell 
culture models via the cannabinoid CB, receptor, has never been evaluated for anticonvulsant activity in an animal seizure model. We 
first show that the cannabinoid compounds A'-tetrahydrocannabinol (ED50 = 42 mg/kg), cannabidiol (ED50 = 80 mg/kg), and WIN 
55,212-2 {ED50 = 47 mg/kg) are anticonvulsant in maximal electroshock. We further establish, using the cannabinoid CBi receptor 
specific antagonist N-(piperidin- 1 -yI-5-(4-chlorophenyI)- 1 '(2,4-dichlorophenyl)-4-methyI- 1 H-pyrazole-3-carboxamidehydrochloride 
(SR141716A) {AD50 = 2.5 mg/kg), that the anticonvulsant effects of A^-tetrahydrocannabinol and WIN 55,212-2 are cannabinoid CBi 
receptor-mediated while the anticonvulsant activity of cannabidiol is not. This study establishes a role for the cannabinoid CB, receptor in 
modulating seizure activity in a whole animal model. © 2001 Elsevier Science B.V. All rights reserved. 

Keywords: Cannabinoid; Epilepsy; Maximal electroshock; Seizure; Cannabinoid CB, receptor 



1. Introduction 

Despite marijuana's illegal status in the United States, 
individuals both here and abroad report its use to be 
therapeutic in the treatment of a variety of ailments, in- 
cluding epilepsy (HoIIister, 1983; Adams and Martin, 
1996). Approximately 1% of Americans have epilepsy and 
30% of these patients are refractory to conventional 
antiepileptic drug treatments (Zarrelli et al., 1999). 
Cannabinoid compounds have been used as a natural rem- 
edy for seizures for nearly 2000 years (Adams and Martin, 
1996). In 1974, Karler et al. found that A^-tetrahydro- 
cannabinol, the primary psychoactive compound in mari- 
juana, displayed anticonvulsant properties in maximal elec- 
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troshock-induced tonic-clonic convulsions (Karler et al., 
1974). The non-psychoactive marijuana constituent, 
cannabidiol, was also shown to be protective in this seizure 
model (Karler et al, 1973). Since this initial research, 
several cannabimimetic compounds have been synthesized 
and evaluated in vitro for their effects on neuronal hyper- 
excitability. iRH-^ )-[2,3-Dihydro-5-methyl-3-(4-morpho- 
linylmethyl)pyrrolo[ 1 ,2,3-de]- 1 ,4-benzoxazin-6-yl]- 1 -naph- 
thalenylmethanone (WIN 55,212-2) attenuated low-Mg^"" 
induced burst-firing in hippocampal culture (Shen and 
Thayer, 1999). In addition, the endogenous ligands anan- 
damide and 2^Arachidonylglycerol were found to decrease 
the amplitude of stimulation-induced population spikes, as 
well as attenuate low-Mg^ "^-induced epileptiform dis- 
charges in rat hippocampal slice preparation (Ameri and 
Simmet, 2000). The mechanism underlying this dampening 
of excitability is believed to involve the inhibition of 
presynaptic excitatory neurotransmitter release (Shen and 
Thayer, 1999; Takahashi and Linden, 2000), of which 
glutamate is the most ubiquitous. 
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Cannabinoids are known to bind two G protein-coupled 
7-transmembrane spanning receptors, CBj and CBj 
(Matsuda et al., 1990; Munro et al., 1993). Cannabinoid 
receptor CB, is the type preferentially expressed in brain 
and is known to mediate the psychoactive effects of 
cannabinoids. The classic tetrad A^-tetrahydrocannabinol- 
induced behaviors; ataxia, catalepsy, analgesia and hy- 
pothermia show susceptibility to block by the selective 
cannabinoid CB, receptor antagonist, pyrazole compound, 
yV-(piperidin- 1 -y 1- 5- (4-chlorophenyl)- 1 - (2,4-dichloro phe- 
nyl)-4-methyl- 1 H-pyrazole-3-carboxamidehydrochloride 
(SR141716A) (Reche et al, 1996; Fields and Meng, 1998; 
Smith et al., 1998). Similarly, cannabinoid effects on 
excessive neuronal excitability, in vitro, are inhibited by 
pretreatment with SR141716A (Rinaldi-Carmona et al., 
1994), indicating a cannabinoid CB, receptor-mediated 
mechanism. Conversely, cannabidiol does not bind the 
cannabinoid CB, receptor with reasonable affinity (Thomas 
et al., 1998) and does not produce A^-tetrahydrocannabinol 
like behaviors that are blockable by the antagonist. Al- 
though the anticonvulsant activities of A^-tetrahydrocanna- 
binol and cannabidiol in the maximal electroshock model 
have been recognized for many years, it has not been 
investigated as to whether the anticonvulsant activity of 
these compounds is conferred by cannabinoid CB, recep- 
tor activation. Furthermore, cannabimimetic compounds 
such as WIN 55,212-2 dampen neuronal hyperexcitability 
in cultured neurons (Shen et al., 1996), but have never 
been evaluated for their anticonvulsant activity in whole 
animals. Therefore, the purpose of this study was to evalu- 
ate the cannabinoid compounds A^-tetrahydrocannabinol, 
cannabidiol, and WIN 55,212-2 for anticonvulsant activity 
in the maximal electroshock model and determine if their 
protective activity is cannabinoid CB, receptor-mediated. 



2. Methods 

CF-1 male mice, 20-28 days old, weighing 20-30g 
(Harlan, Dublin, VA), were housed in the university ani- 
mal facilities in groups of 4-5 for a minimum of 3 days 
and a maximum of 2 weeks prior to all experiments. All 
animals were kept in a temperature-controlled (20-22 °C) 
environment on a 12 h light-dark cycle (lights on at 7 am) 
with access to food and water ad libitum. Eight to fourteen 
animals were assigned to each treatment group. For anti- 
convulsant testing, animals received an intraperitoneal in- 
jection (i.p.) of A'-tetrahydocannabinol, cannabidiol, or 
WIN 55,212-2 suspended in a vehicle of absolute ethanol, 
Emulphor-620 (Rhone-Poulenc, Princeton, NJ) and 0.9% 
saline at a ratio of 1:1:18. All cannabinoid compounds, as 
well as SR141716A, were obtained from the National 
Institutes of Health. All cannabinoids were administered 2 



h prior to maximal electroshock. For behavioral testing, 
animals received an i.p. injection of A^-tetrahydrocanna- 
binol 2 h prior to testing. Phenytoin (Sigma Aldrich, St. 
Louis, MI), a positive control in maximal electroshock 
experiments, was suspended in a vehicle of polyethylene 
glycol and 0.9% saline at a ratio of 3:7 and was injected 
i.p. 30 min prior to shock. To test for antagonism of 
A^-tetrahydrocannabinol's anticonvulsant effect, animals 
received an i.p. injection of SR141716A 20 min before 
receiving an i.p. injection of A'-tetrahydrocannabinol. To 
test for cannabinoid CB, receptor-mediated effects of WIN 
55,212-2 and cannabidiol, 10 mg/kg SR141716A was 
used, a dose found to produce maximal inhibition of 
A'-tetrahydrocannabinol's anticonvulsant effect. Two hours 
following cannabinoid injection, electroshock was adminis- 
tered. All injections were administered at a volume of O.l 
ml/ 10 g (Krall et al., 1978). Appropriate vehicle controls 
were performed and each animal was used only once. 



2. 7. Maximal electroshock procedure 

Maximal electroshock was produced by a 50 mA cur- 
rent for 0.2 s with a pulse train of 60 Hz (ECT unit model 
7801, Ugo Basile, Comerio, Italy) through corneal elec- 
trodes. A drop of electrolyte solution containing lidocaine 
(2% lidocaine in 0.9% saline) was placed in each animal's 
eyes immediately prior to shock to improve electrode 
contact and decrease any pain localized to the eye area 
following shock (Swinyard et al., 1986). The shock admin- 
istered was sufficient to produce hind limb extension in 
greater than 97% of control animals. Complete suppression 
of hind limb extension was considered a positive measure 
of anticonvulsant activity. All anticonvulsant experiments 
were carried out between 11:00 a.m. and 3:00 p.m. Data 
were expressed in terms of percent protection, that is the 
percentage of animals protected from hind limb extension 
within a treatment group. Probit analysis was used to 
calculate the effective dose 50% (ED50) of each compound 
with 95% confidence limits, as well as the antagonism 
dose 50% (AD50) of blockade A'-tetrahydrocannabinol's 
anticonvulsant effect by SR141716A, EDjq was defined as 
the dose of drug at which 50% of the animals showed 
protection from hind limb extension. The effective dose 
84% (ED 84) was defined as the dose of drug at which 84% 
of the animals showed protection from hind limb exten- 
sion. This cannabinoid dose was used in all antagonism 
studies in an effort to decrease non-specific drug effects. 
The AD5Q was defined as the pretreatment dose of 
SR141716A that abolished protection firom hind limb ex- 
tension in 50% of the animals treated with A^-tetrahydro- 
cannabinol. Data analysis was performed using the method 
of Litchfield and Wilcoxon (Litchfield and Wilcoxon, 
1949). Statistical significance (P<0.05) was determined 
using the Fisher Exact Test where appropriate. Dose-re- 
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sponse curves were generated using Microsoft Excel 97 in 
conjunction with Origin 6.0 software, 

2.2. Behavioral testing procedures 

Measurement of spontaneous activity in mice occurred 
in standard activity chambers interfaced with a Digiscan 
Animal Activity Monitor (Omnitech Electronics, Colum- 
bus, OH). A standard tail-flick apparatus (Dewey et al., 
1970) and a telethermometer (Yellow Springs Instrument, 
Yellow Springs, OH) were used to measure antinocicep- 
tion and rectal temperature, respectively. Prior to testing in 
the behavioral procedures, mice were acclimated overnight 
to the experimental setting (ambient temperature 22-24 
**C). Pre-injection control values were determined for rectal 
temperature and tail-flick latency (in seconds). Mice were 
injected i.p. with drug or vehicle and 1 h and 50 min later, 
were placed in individual activity chambers where sponta- 
neous activity was measured for 10 min, following a 5-min 
acclimation period. Activity was measured as the total 
number of interruptions of 16 photocell beams per cham- 
ber during the 10-min test and was expressed as the 
percentage inhibition of activity of the vehicle group. 
Tail-flick latency was measured at 2 h post-injection. 
Maximum latency of 10 s was used. Antinociception was 
calculated as percent of maximum possible effect {%MPE 
= [(test-control latency)/(10-control)] X 100}. Control la- 
tencies typically ranged from 1.5 to 4.0 s. At 2 h and 5 min 
post-injection, rectal temperature was measured. This value 
was expressed as the difference between control tempera- 
ture (before injection) and temperatures following drug 
administration. Each mouse was tested in each of the three 
procedures. Based on data obtained from numerous previ- 
ous studies with cannabinoids, maximal effects of A'-tetra- 
hydrocannabinol in each procedure were estimated as fol- 
lows: 90% inhibition of spontaneous activity, 100% MPE 
in the taiKflick procedure, and — 6 °C change in rectal 
temperature. EDjq's were defined as the dose at which 
half-maximal effect occurred. Graphs were generated using 
Sigma Plot software and were analyzed using analysis of 
variance (ANOVA) and Tukey Test where appropriate. 

3. Results 

3.L Cannabinoid anticonvulsant activity in maximal elec- 
troshock 

Fig. 1 illustrates the dose response relationships of 
A^-tetrahydrocannabinol, WIN 55,212-2, cannabidiol and 
phenytoin in maximal electroshock. Each point represents 
data obtained from groups of 8 to 11 animals. Each drug 
was tested at the time of peak effect that, for each com- 
pound, was 2 h post-injection. The resulting ED50 values 
for A'-tetrahydrocannabinol, WIN 55,212-2, and cannabid- 
iol were 42, 47 and 80 mg/kg i.p., respectively. The 




1 10 100 



Log Dose (mg/kg i.p.) 

Fig. 1. Log dose response curve of -tetrahydrocannabinol (A'-THC), 
WrN 55,212-2, cannabidiol and phenytoin in the maximal electroshock 
model of seizure. Percentage of protection defined as number of animals 
that do not exhibit hind limb extension with electroshock (n = 8 per dose, 
per dnig). 

dose-response curves for A^-tetrahydrocannabinol, WIN 
55,212-2, and cannabidiol indicated that these compounds 
were equally efficacious to phenytoin in this model (EDjq 
= 18 mg/kg i.p.). Vehicle (1 Emulphor-620: 1 ethanol:18 

0. 9% saline) showed no anticonvulsant activity in maximal 
electroshock as did animals treated with saline only (0.9% 

1. p.). 

3,2. Effect of SR141716A pretreatment on cannabinoid 
anticonvulsant activity 

The effects of SR141716A pretreatment on A^-tetra- 
hydrocannabinol's anticonvulsant activity are presented in 
Fig. 2. A'-tetrahydrocannabinol was administered at its 
effective dose 84% (EDg4) to avoid non-specific, 
receptor-independent effects. With increasing pretreatment 
doses of SR141716A, up to 10 mg/kg, the anticonvulsant 
activity of A'-tetrahydrocannabinol significantly decreased 
from 84% to 0% protection (P 0,001 Fisher Exact Test). 
The AD50 of SR141716A was determined to be 2.5 mg/kg. 
Each data point represents 9-14 animals. Fig. 3 illustrates 
the effect of SR141716A pretreatment on the anticonvul- 
sant activity of WIN 55,212-2 and cannabidiol when ad- 
ministered at their ED84 doses. SR141716A pretreatment 
completely blocked the anticonvulsant activity of the 
cannabimimetic WIN 55,212-2 with protection decreasing 
significantly from 84% to 0% (F^ 0.001 Fisher Exact 
Test) (Fig. 3(A)), However, SR141716A failed to antago- 
nize the anticonvulsant effect of cannabidiol significantly. 
The protection produced by cannabidiol in the absence and 
presence of SRI 4171 6A was 84% and 63%, respectively 
(P = 0.067 Fisher Exact Test) (Fig. 3(B)). SR141716A at 
doses up to 10 mg/kg alone had no anticonvulsant effect. 
A proconvulsant effect for SR141716A was not observed 
because the electroconvulsive threshold was not evaluated 
for this drug. However, the duration of tonic hind limb 
extension was evaluated and showed that SR141716A- 
treated animals were not statistically significant from vehi- 
cle-treated or control animals (data not shown). Further 
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measured using the tail-flick test. Spontaneous locomotor 
activity was quantified by the number of photocell inter- 
ruptions within a 10-min time period and was expressed as 
the percentage inhibition of vehicle level activity. Hy- 
pothermia was measured by rectal temperature. An n of 
six animals per group per test was used. The results of our 
analysis showed that doses of A^-tetrahydrocannabinol that 
produced anticonvulsant activity also produced behavioral 
effects. Fig. 4 shows the dose response relationship of 



Log Dose SRI 41 71 6A (mg/kg i.p.) 

Fig. 2. Log dose inhibition curve of SR141716A in blocking the anticon- 
vulsant effect of A'-tetrahydrocannabinol. SR141716A was administered 
i.p. 20 min prior to the i.p. injection of ^'-tetrahydrocannabinol at its 
EDg4 dose (70 mg/kg i.p.). Maximal electroshock was administered 2 h 
post A'-tetrahydrocannabinol injection = 9-14 mice/ group). 



Studies evaluating the effect of SR141716A on seizure 
threshold may elucidate a possible proconvulsant effect. 

3.3. Effects of -tetrahydrocannabinol on behavior 

Cannabinoids produce stereotypic behaviors that in- 
clude analgesia, hypothermia, and ataxia. Analgesia was 
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Fig. 3. Effects of SR14ni6A (SR) (10 mg/kg) pretreatment on anticon- 
vulsant effects of WIN 55,212-2 (Win), or cannabidiol (CBD). The 
anticonvulsant log dose response curve of WIN 55,212-2 alone is pre- 
sented in (A). The insert shows the effects of SR1417I6A (10 mg/kg 
i.p.) pretreatment on the EDg4 dose (60 mg/kg i.pi.) of WIN 55,212-2 
( P ^ 0.001 Fisher Exact Test). The anticonvulsant dose response curve of 
cannabidiol is presented in (B). The insert shows the effects of SR 1 4 1 7 1 6 A 
(10 mg/kg i.p.) pretreatment before an EDg4 dose (160 mg/kg i.p.) of 
cannabidiol (P = 0.067 Fisher Exact Test). At least eight animals per 
group were tested. 
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Fig. 4. Dose response of the behavioral effects of vehicle and A'-tetra- 
hydrocannabinol at 1, 3, 10, 30 and 70 mg/kg i.p. A'-Tetrahydrocan- 
nabinol at 70 mg/kg i.p., the EDgj anticonvulsant dose, produced 
significant behavioral effects in the three parameters measured. (A) Dose 
response of A'-tetrahydrocannabinol-induced analgesia as measured by 
the tail-flick test. A^-Tetrahydrocannabinol-treated animals showed signif- 
icant analgesia at 30 and 70 mg/kg compared to vehicle animals 
(P:S0.05 ANOVA, Tukey Test). (B) Dose response of A^-tetrahydro- 
cannabinol attenuated spontaneous activity expressed as Percentage of 
inhibition. Animals treated with 30 and 70 mg/kg A'-tetrahydrocanna- 
binol exhibited significantly less spontaneous activity than vehicle ani- 
mals (P ^0.01, ANOVA, Tukey Test). (C) Dose response of A'-tetra- 
hydrocannabinol-induced hypothermia, measured by rectal temperature, 
shows that animals treated with 10, 30 and 70 mg/kg A'-tetrahydro- 
cannabinol had significantly lower body temperature compared to vehicle 
(P 0.05 ANOVA, Tukey Test). 
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A^-tetrahydrocannabinol in each of the behavioral parame- 
ters measured following a 2-h pretreatment, the time point 
at which maximum anticonvulsant effects were observed. 
Our data showed that significant levels of analgesia (ED50 
= 11.7 mg/kg i.p.) {P <, 0.05 ANOVA, Tukey Test) and 
a significant decrease in spontaneous activity (ED50 = 47 
mg/kg i.p.) (P < 0.01 ANOVA, Tukey Test) were experi- 
enced at 30 and 70 mg/kg i.p. A^-tetrahydrocannabinol. 
Significant hypothermia (ED50 = 16.6 mg/kg i.p.) was 
produced with 10, 30 and 70 mg/kg i.p. A^-tetrahydro- 
cannabinol ip < 0.05 ANOVA, Tukey Test). 



4. Discussion 

Studies by Karler and others demonstrated that A^-tetra- 
hydrocannabinol and cannabidiol were anticonvulsant 
(Karler et al., 1973, 1974; Consroe et al., 1982). These 
results raised the possibility that cannabinoid CB, receptor 
activation may mediate the anticonvulsant effect of 
cannabinoids. However, direct evidence that cannabinoid 
anticonvulsant effects are mediated by cannabinoid CB, 
receptor activation was not provided in these research 
efforts. The studies in this report provide direct evidence 
that, like the classic tetrad of cannabinoid behaviors, the 
anticonvulsant activity of A^-tetrahydrocannabinol and 
WIN 55,212-2 in the maximal electroshock model is medi- 
ated by cannabinoid CB, receptor activation. From these 
data, we concluded that A'-tetrahydrocannabinol and WIN 
55,212-2, compounds that were anticonvulsant and bind 
the cannabinoid CB, receptor, lost their anticonvulsant 
activity when animals were pretreated with the selective 
cannabinoid CB, receptor antagonist SR141716A. Evi- 
dence that SR141716A blocks the ability of A'-tetrahydro- 
cannabinol and WIN 55,212-2 to prevent tonic hind limb 
extension in the maximal electroshock model indicates the 
involvement of the cannabinoid CB, receptor. Conversely, 
the anticonvulsant activity of cannabidiol, a compound that 
binds the cannabinoid CB, receptor extremely weakly, did 
not lose its protective activity when treated with 
SR141716A. Therefore, the anticonvulsant effects of A^e- 
trahydrocannabinol and WIN 55,212-2 are cannabinoid 
CB, receptor-mediated, while cannabidiol's protective ef- 
fect is not. The results from these studies extend and 
support the original observations by Karler and others 
(Karler et al., 1973, 1974; Consroe et al., 1977) and 
indicate the involvement at the cannabinoid CB, receptor 
in mediating the anticonvulsant cannabinoid effects. 

Prior to this investigation, WIN 55,212-2 had not been 
studied in the in vivo seizure models. However, it was 
shown to be effective in several in vitro seizure models. 
WIN 55,212-2 was shown to be anticonvulsant against 
seizures produced in the low-Mg^^ neuronal culture model 
of status epilepticus (Shen et al., 1996) and in stimulus-in- 
duced epileptiform discharges in the hippocampal slice 
preparation (Ameri and Simmet, 2000), effects that were 



blocked by SRI 4171 6A perfusion. Our finding that WIN 
55,212-2 was protective in this model substantially ex- 
pands the relevancy of existing in vitro data on this 
compound. 

The anticonvulsant effects of cannabidiol were not me- 
diated by cannabinoid CB, receptor activation. Anticon- 
vulsant activity of cannabidiol was not inhibited by 
SR141716A under conditions where this cannabinoid CB, 
receptor antagonist completely blocked the anticonvulsant 
activity of A^'-tetrahydrocannabinol and WIN 55,212-2. 
This finding is consistent with data showing that although 
cannabidiol is anticonvulsant, it does not bind the cannabi- 
noid CB, receptor with reasonable affinity (Thomas et al., 
1998) nor does it, evoke the classic tetrad of cannabinoid- 
induced behaviors. The anticonvulsant mechanism of 
cannabidiol remains unknown, but has been hypothesized 
to involve activation of y aminobutyric acid(ergic) sys- 
tems (Consroe et al., 1982). 

It has been suggested that the mechanisms by which 
A^-tetrahydrocannabinol and WIN 55,212-2 decrease hy- 
perexcitability in in vitro models involve cannabinoid CB, 
receptor-modulated ion channels. Extensive molecular and 
pharmacological studies have shown that agonist binding 
to the cannabinoid CB, receptor activates an inhibitory 
G-protein, leading to decreased production of 3', 5' Cyclic 
adenosine monophosphate and thus reduced activity of the 
enzyme protein kinase A (Howlett, 1985; Felder et al., 
1995; Hampson et al., 1995), known to modulate the 
activity of several ion channels. These G-prote in-mediated 
effects on ion channels are pertussis-toxin sensitive 
(Matsuda et al., 1990; Mackie et al., 1995; Pan et al., 
1996) and appear to alter permeability to multiple neuronal 
voltage-gated ion channels. These include voltage-gated 
Ca^"*" channels, the G-protein coupled inward rectifier K"*" 
current (Mackie et al., 1995) and the A-type K^ current 
(Deadwyler et al., 1993, 1995). The cannabinoid CB, 
receptor-mediated increases in rectifier and A-type K^ 
currents serve to stabilize neuronal membrane potential, 
making the cell less likely to manifest seizure activity. In 
addition, cannabinoid CB, receptor activation produces a 
decrease in N and P/Q type voltage-gated Ca^^ currents 
(Pan et al., 1996). The subsequent reduction in presynaptic 
intracellular Ca^"^ load causes a decrease in Ca^ ^-depen- 
dent neurotransmitter release (Ishac et al., 1996; Gifford 
and Ashby, 1996; Katona et al., 1999), most notably of the 
neurotransmitter glutamate (Shen et al., 1996; Shen and 
Thayer, 1999; Kim and Thayer, 2000). Glutamate is the 
primary excitatory neurotransmitter of the central nervous 
system and elevated levels have been found in human 
epileptogenic foci (Leach et al., 1986). An attenuation of 
glutamate release would theoretically prevent seizure 
spread via synaptic transmission from an epileptic focus to 
the . rest of the brain. 

The abolition of hind limb extension following the 
administration of a convulsive current in maximal elec- 
troshock indicates that the anticonvulsant drug mechanism 
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impedes seizure spread. Drugs that are successful in sup- 
pressing maximal electroshock evoked hind limb extension 
are generally effective in treating generalized tonic-clonic 
and partial seizures. The prototype drug representing this 
classification is phenytoin. A^-Tetrahydrocannabinol, WIN 
55,212-2, and cannabidiol were as effective as phenytoin, 
used as a positive control in these studies, indicating that 
these cannabinoid compounds are potent anticonvulsants 
(Fig. 1). It is unlikely that the mechanism underlying 
cannabinoid anticonvulsant activity involves a general se- 
dating effect resulting in suppression of motor activity and, 
therefore, impairment of tonic-clonic seizures. Animals 
are partially sedated at doses of A^-tetrahydrocannabinol 
that produce suppression of hind limb extension. However, 
these animals still manifest all the motor activity character- 
istic of the clonic phase of seizure in the presence of 
sedative levels of A'-tetrahydrpcannabinol. In addition, 
post-shock animals treated with cannabinoid drugs run 
away immediately following cessation of clonus. This 
behavior indicates that the anticonvulsant activity of 
cannabinoid drugs is not simply due to sedation and 
impairment of locomotor activity. Sedation and impair- 
ment of locomotor activity does not necessarily confer 
anticonvulsant activity. For example, opiates are highly 
sedating but are not anticonvulsant in maximal elec- 
troshock. Cannabinoid compounds also produce hypother- 
mia. However, it is not likely that this hypothermic effect 
is involved in the anticonvulsant action. Lowering animal 
body temperature to the level produced by cannabinoid 
drugs is not protective in the maximal electroshock model 
(Karler et al., 1974). 

The ability to develop cannabinoids that have anticon- 
vulsant effects, but have less psychoactive effects, may be 
useful in the clinical treatment of epilepsy. Unfortunately, 
the psychoactive side effects of A'-tetrahydrbcannabinol 
and WIN 55,212-2 limit their actual therapeutic utility. As 
our behavioral data reflects, at anticonvulsant doses, A'-te- 
trahydrocannabinol produced a significant decrease in 
spontaneous activity, a psychoactive side effect. Likewise, 
cannabinoid-induced disruption of short-term memory via 
inhibition of long-term potentiation and long-term depres- 
sion in the hippocampus could be detrimental in terms of 
patient function and compliance. Nevertheless, these data 
provide strong evidence that the anticonvulsant activity of 
A^-tetrahydrocannabinol and WIN 55,212-2 are cannabi- 
noid CB, receptor-mediated, whereas the protective activ- 
ity of cannabidiol is not. These data further call into 
question the role cannabinoid CB, receptors play in the 
brain's ability to modulate synaptic activity, suggesting 
that perhaps a malfunctioning of the endogenous cannabi- 
noid system contributes to the pathophysiology of epilepsy. 

It is well-established that the hippocampus is a major 
region in the brain for modulating seizure activity and is 
especially sensitive to the development of recurrent seizure 
discharge or epilepsy^ The high number of cannabinoid 
CB, receptors in hippocampus (Herkenham et al., 1990; 



Matsuda et al., 1990; Tsou et al., 1998) further implicate a 
role for cannabinoid CB, receptors and their endogenous 
Hgands, anandamide and 2-arachidonylglycerol, in modu- 
lating excitability of the hippocampus. These data strongly 
suggest a role for the cannabinoid CB, receptor in modu- 
lating intrinsic neuronal excitability. 
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